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ABSTRACT 
The G-Quadruplex (GQ) is a repetitive, guanine rich DNA sequence that occurs throughout the 
genome. This specific DNA motif is capable of forming an alternative DNA secondary structure 
similar to a rectangular prism. The most common GQ motif consists of four sets of three guanine 
bases separated by varying intervening loops, typically comprised of 1 to 9 bases in length. The 
four sets of guanine triplets stabilize the GQ structure through Hoogsteen base pairing with the 
assistance of monovalent cations. Two predominant folding motifs of these structures have been 
identified within a single-stranded (ss) DNA context: parallel and antiparallel. Further work is 
needed to establish if these structural folding trends are consistent in the double-stranded (ds) 
DNA context. Limited studies in this area have occurred due to the lack of available 
methodologies for characterizing these GQ structures within a duplex DNA context (i.e. a GQ 
structure with its complementary sequence embedded within a dsDNA context). 
The biological importance of these structures can be traced to GQ involvement in 
regulation of replication and transcription, genome rearrangements, translation and telomere 
processing. In support of experimental findings, computational studies have revealed a 230-fold 
enrichment of GQ sequences in upstream of promoters over the genomic average, amounting to 
nearly half of all human promoters containing putative GQ sequences. Moreover, GQ sequences 
are highly likely to be found in oncogenes and regulatory genes. Auxiliary to these observations 
are findings that GQ sequences are less likely to be located within the template strand, coding 
regions, tumor suppressor genes, and housekeeping genes. The highly selective positions of GQ 
imply that GQs may regulate particular set of biological processes and suggest that the 
stabilization of the structure may serve as a novel pharmaceutical target. 
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Despite the plethora of reports on telomeric DNA, relatively few studies have looked into 
GQs located within genomic regions. Furthermore, most studies focused on several well-
characterized sequences such as c-Myc, TERT and BCL2 formed in the context of ssDNA. 
Although ssDNA may be relevant for studying the telomeric overhang (naturally single-
stranded), it cannot be an appropriate platform for investigating ~800,000 putative GQ-forming 
sequences in dsDNA found throughout the human genome. Previously accepted methodologies 
in GQ structural investigations have proven to be cumbersome, at best, when utilized within the 
dsDNA context. Additionally, current, widely-available GQ investigational tools provide only 
qualitative insight into GQ formation and structure. Circular dichroism, the standard 
methodology for identifying folding properties of putative GQ sequences, fails to provide 
characteristic signals for GQs when probing dsDNA.  The limitations of current techniques 
provide an opportunity for the development of more quantitative, biologically applicable analysis 
tools. 
We have developed a bulk-phase induced fluorescence-based assay that can distinguish 
between folded and unfolded GQs, as well as identify predominant folding motifs (parallel or 
antiparallel). Our central objective is to elucidate the rules governing GQ folding within dsDNA 
and identify potential GQs that can affect crucial biological processes such as replication, 
transcription and translation. This thesis describes four key findings.  First, GQ formation is 
much less robust within the duplex setting as compared to single-stranded contexts.  Second, 
stable GQ folding within a dsDNA context is driven by both sequence composition and loop 
length. Third, strong GQ folding within genomic DNA is underrepresented near genetic 
regulatory elements.  Fourth, GQ folding imposes barrier effects in gene expression in e. coli. 
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Based on these findings, a comprehensive GQ folding atlas was developed which highlights 
potentially important GQ structures and their function in gene expression. 
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CHAPTER 1: INTRODUCTION 
1.1 A SHORT HISTORY OF G-QUADRUPLEXES 
The G-quadruplex (GQ) is a four-stranded secondary structure of DNA that arises from a 
Guanine (G)-rich sequence. The G-rich, ssDNA sequences have been shown to fold into stable 
GQ structures following the basic algorithm of [G2-5L1G2-5L2G2-52L3G2-5], where G repeats are 
separated by a loop sequence, Lx (typically limited to 7 bases in length).  This structure is 
stabilized by Hoogsteen base pairing between stacks of Guanine bases as well as monovalent 
cations such as potassium or sodium positioned in the central cavity [1,2]. Depending on loop 
sequence composition and the presence of specific cations, GQ DNA can form into parallel, 
antiparallel, or mixed hybrid conformations [3-7]. 
The B-form double-helix DNA structure was first identified by James D. Watson and 
Francis Crick in 1953. It has since become apparent that alternative conformations of DNA can 
form and control various biological processes [8-10]. Of these non-B-form DNA, GQs are one of 
the most prevalent secondary structures in the human genome based on the putative sequence 
patterns [11-15]. Only recently has the GQ structure been shown to stably form within the 
genome in human cells [7]. 
The propensity of guanine rich DNA to readily form polycrystalline gels has been known 
since the late 1890s. Several decades later, the crystal structure of GQs was identified.  At this 
time, GQs were largely regarded as in vitro artifact [16]. The discovery of the telomere sequence 
in the late 1970s led to the hypothesis that the 3’ overhang of the telomere composed of series of 
TTAGGG repeats could fold into GQ structure [17,18]. Due to the native state of single stranded 
DNA at the 3’ end of telomeric regions, the telomere was generally recognized as the only area 
within the human genome to be able to produce stably folded GQs.  Recent experimental work 
 
 
2 
 
has demonstrated that GQs occur throughout the genome. Seminal work in identifying genomic 
GQs utilized synthesized antibodies specific to GQs to demonstrate that GQ formation is 
modulated during the cell cycle and can be stabilized through small molecule interactions [7]. 
 
1.2 GQ STRUCTURE AND COMPOSITION 
The GQ is a four-stranded DNA secondary structure, built from stacked, square planar 
Hoogsteen base-pairing interactions [19]. Each guanine base stabilizes the structure through 
hydrogen bonding to the two adjacent guanines forming the vertices of the core unit (G-quartet). 
Depending on the number of DNA strands involved in forming the GQ structure, different 
number of intervening loop sequence links the guanine repeats. In intramolecular GQs, there are 
3 intervening sequences, while intermolecular GQs can possess 0 to 2 loops. The G-quartets are 
electrostatically repulsed by the oxygen molecules present on each guanine, such that the 
structure is coordinated by the presence of a monovalent cation between each stack. 
GQ structures are further classified based on strand orientation, which dictates the overall 
structure and positioning of the intervening loops. Strand orientation is classified into the 
following three categories: parallel, antiparallel, or hybrid. Parallel structures form when guanine 
repeats run in the same directionality, while antiparallel structures possess alternating 5’ to 3’ 
and 3’ to 5’ directionality of the guanine runs. Hybrid GQ sequences possess a mixture of both 
parallel and antiparallel components and are characterized by non-uniformity in the direction of 
guanine runs throughout the structure. 
In order to form an intramolecular GQ, a sequence must satisfy the general form 
G≥3L1G≥3L2G≥3L3G≥3; i.e., four tracts of three or more guanines, spaced by varying loop lengths 
denoted by L1, L2 and L3. The loop lengths are generally characterized by a range of 1 to 7 bases, 
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although lengths up to 30 bases have been recently reported within a single-stranded context 
[15,20,21]. Previous reports have shown that GQ sequences formed in the context of single-
stranded DNA (ssGQs) assume a wide variety of conformations, depending on the loop and G-
tract lengths [22-25]. 
 
1.3 BIOLOGICAL SIGNIFICANCE OF G-QUADRUPLEX STRUCTURES IN THE 
GENOME 
Results from various computational genomic studies suggest that over 800,000 possible GQ 
locations exist within the human genome [26]. These G-rich regions contain at least four runs of 
guanines, with each guanine tract containing three or more uninterrupted guanines. GQ structures 
have been shown to form with only two stacks of guanine in single stranded DNA (ssDNA), but 
their low stability suggests limited involvement in genomic GQ folding [27]. These 
computational studies suggest that GQ distribution throughout the genome is non-uniform. 
Putative GQ sequences are clustered around biologically important regions within the genome. 
These functionally active regions include telomeres, promoters, and nuclease hypersensitivity 
sites [28-30]. GQ motifs are also enriched in ribosomal DNA, proximal to transcription factor 
sites, and mitotic and meiotic double strand break sites [31-33]. Furthermore, GQ motifs are 
conserved across human populations and among related yeast species [34,35] . The non-random 
distribution of GQ locations coupled with conservation of GQ sequences across species points to 
the possibility of the GQ as an important signaling mechanism within living cells. 
The sequence composition of telomeric DNA makes the telomere the most commonly 
studied genomic region for GQ analysis. Telomeric GQs are located at the distal ends of 
telomeric regions. The DNA transitions to a single stranded nature composed of a 3’ overhang of 
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TTAGGG repeats. The repetitive sequence that composes the whole telomeric region has been 
shown to readily form stable GQ structures in both in vitro and in vivo studies [36,37]. Formation 
of GQs within the single stranded telomeric regions do not compete with the duplex state, thus 
leading to a native GQ folding state upon shelterin complex dissociation. The tendency for 
putative GQ sequences to natively assume a GQ structure is typically observed only in distal 
regions of the telomere. Genomic GQ structures are generally less stable than the native duplex 
state of the putative GQ and its complementary DNA sequence [19]. Thus, the induction of 
genomic GQs is hypothesized to be the result of cyclic, natural, enzymatic processes. 
Experimental data has shown that GQ formation can be triggered through transcription of 
distal genes [38,39]. The melting and opening of helical structures during the process of 
transcription induces torsional strain in the surrounding DNA. The torsional strain may be 
alleviated through the formation of a GQ in proximal putative GQ sequences. No spatial 
maximum between the putative GQ sequence and the transcriptional active gene has been 
established. However, it has been suggest that transcriptional events located several thousand 
base pairs away are capable of inducing GQ formation. Thus, putative GQ sequences can serve 
as remote sensors of transcriptional activity of specific genes. Due to the divergence from 
traditional canonical DNA structure, these GQ sensors may also behave as precise gene 
expression modulation elements. 
Because a physical change in DNA structure is required to induce GQ formation, there is 
a high level of specificity to proximal GQs of the active gene as compared to other regulatory 
processes. In addition, GQ formation is highly sequence-dependent, which elicits base pair site 
specificity for a possible regulatory element. This high level of locational precision and minimal 
distal effect proves to be a useful characteristic of GQs as a regulatory element when specific 
 
 
5 
 
gene locus modulation is required. The formation of a GQ within a genomic DNA context offers 
two methodologies upon which local activities may be modulated. First, GQ disruption of the 
regular helical DNA structure may regulate binding site recognition of regulatory proteins or 
transcriptional machinery. This process was first demonstrated in the promoter of the C-MYC 
gene, where the formation of a hybrid GQ structure acted as a repressor element [29]. Mutation 
of a guanine to adenine within the GQ sequence resulted in a dramatic destabilization of the GQ 
and, as such, led to a 3-fold increase in C-Myc expression. Second, the presence of GQs in the 
path of helicases or transcriptional complexes proves to be a physical “road-block” in the 
processive nature of the enzymes [40,41]. These two processes of gene modulation may provide 
a means of long distance communication between transcription events and gene regulatory 
elements, representing a new paradigm in genetic regulation. 
 
1.4 COMMON METHODOLOGIES IN CHARACTERIZING GQ FORMATION 
Circular dichroism (CD) is the most common methodology for examining the structure of 
putative GQ sequences of both DNA and RNA [42,43]. The technique relies on differential 
absorption of left- and right-handed polarized light from a given sample. GQ structural 
classification utilizes differential absorption profiles of circularly polarized light within the 
wavelength range of 220 to 340 nanometers [44]. Parallel and antiparallel GQs both possess a 
unique CD signature. Parallel GQs exhibit an elipticity peak of approximately 260 nm, while 
antiparallel GQs exhibit a shifted peak centered around 290 nanometers. Additionally, CD has 
been used in ligand binding, formation kinetics, and thermal melting characterization studies of 
GQs. Due to the large number of reference CD GQ spectral profiles, the technique is useful for 
rapid assessment of putative GQ sequences of an unknown structural nature. CD is a very 
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powerful method for examining the cation dependence of GQ structure formation and 
interconversion as a function of sequence and solvent conditions. 
Two additional structural assessment tools are widely used in the study of GQs. Nuclear 
magnetic resonance spectroscopy (NMR) is an essential instrument for establishing atomistic 
structural configuration in studying GQs. This technique provides insights into GQ dynamics, 
stability, and potential small molecule interactions [45]. X-ray Crystallographic techniques have 
been used in tandem with NMR methods, to develop angstrom-level accurate GQ structural 
geometries. The few X-ray Crystallography and NMR studies have resulted in detailed 
geometries that have used to establish rudimentary common structural principals for GQ folding 
in an ssDNA context [46,47]. 
 
1.5 METHODOLOGICAL LIMITATIONS AND OPEN QUESTIONS IN THE GQ FIELD 
Current methodologies for studying GQ formation are constrained to biologically 
irrelevant DNA concentrations. While existing approaches have been critical for establishing a 
baseline understanding of GQ structure, it has recently been suggested that their ssDNA context  
induces differing GQ structures than those subject to biologically relevant, dsDNA conditions 
[48]. CD measurements have been shown to excel at coarse assignments of structural 
characterization and determination of sharp GQ structural transitions [47]. However, this 
methodology fairs poorly in the measurements of mixed populations, and is unable to provide 
quantitative information on present GQ populations. NMR and x-ray crystallography provided 
extraordinarily detailed insights into GQ formation and structure, but the strenuous nature of 
these techniques limit them to low throughput studies. Additionally, the aforementioned 
techniques have never been successfully utilized in the study of GQ formation within a dsDNA 
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context. Several limitations of the currently used methodologies for studying GQs prescribe a 
clear and present need to develop a methodology for rapid, quantitative assessment of structural 
GQ folding in a high throughput manner. The need for a methodology that accurately determines 
the propensity of GQ formation within a dsDNA context is demonstrated by the failings of CD 
and other methodologies in this DNA context. 
Due to the limited number of the structural and folding propensity studies that have been 
conducted on GQs, there is only a rudimentary understanding of folding patterns of GQs within a 
dsDNA context. Literature demonstrates only a basal level of understanding through the 
conflicting maximal intervening loop length cutoffs, with this number ranging from 7 up to 30 
bases [49]. The differing folding propensities of GQs within a genomic context as compared to 
ssDNA suggests that studies inferring GQ folding from ssDNA may not accurately assess the 
folding ability of putative GQs within the genome. The size of the potential GQ folding domain 
within the human genome (>800,000 possible GQs), suggests the need for the creation of a GQ 
folding atlas. A locational assessment of putative GQ sequence stability will allow for the 
identification of potentially critical GQs associated with important genetic regulatory elements. 
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CHAPTER 2: DEVELOPMENT OF A TECHNIQUE FOR QUANTITATIVE ASSESSMENT 
OF GQ FOLDING WITHIN A DUPLEX DNA CONTEXT 
The work in this chapter has been adapted from work previously published in a scientific 
journal. It is reprinted from Nucleic Acid Research (NAR), 43 (16), Alex Kreig, Jacob Calvert, 
Janet Sanoica, Emily Cullum, Ramreddy Tipanna and Sua Myong G-quadruplex formation in 
double strand DNA probed by NMM and CV fluorescence, 2015 [50]. 
 
2.1 INTRODUCTION 
The GQ is a four-stranded secondary structure of DNA that arises from a Guanine (G)-
rich sequence. The G-rich, single stranded DNA sequences have been shown to fold into stable 
GQ structures following the basic algorithm of [G≥3L1G≥3L2G≥3L3G≥3] where triplet G bases are 
separated by a loop sequence, L [51]. This structure is stabilized by Hoogsteen base pairing 
between guanine bases, as well as monovalent cations such as potassium or sodium [52,53]. 
Depending on the presence of specific cations and loop sequence composition, GQ DNA can 
form into parallel, antiparallel and a mixed hybrid conformations [20-24,54,55]. Recent studies 
have drawn increased attention to this structure due to its potential role in regulating biological 
pathways including transcription and replication [56-59]. Due to GQ-specific sequence 
requirements, these sequences have been a prominent target for bioinformatic studies 
[7,19,60,61]. The GQ-forming sequences are unevenly dispersed throughout the human genome, 
with specific sites including telomeric overhangs, immunoglobulin switch regions and gene 
regulatory sequences [29,62,63]. Additionally, stable GQs may arise from the hexanucleotide 
repeat expansion (HRE), (GGGGCC)n, which is the most prevalent genetic cause of neuro-
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degenerative diseases including amyotrophic lateral sclerosis (ALS) and frontotemporal 
dementia (FTD) [64,65]. 
Promoters in eukayrotes are enriched with sequences capable of forming GQ structures. 
Computational studies suggest that GQs are 230 times more likely to be found in promoter 
regions as compared to the rest of the genome [66]. Despite the plethora of reports on telomeric 
DNA, relatively few studies have looked into GQs in promoters. Furthermore, most studies 
focused on several well characterized sequences such as c-Myc, TERT and BCL2 formed in the 
context of ssDNA [67-71]. Although ssDNA may be relevant for studying the telomeric 
overhang, it cannot be an appropriate platform for investigating 400,000 potential GQ-forming 
sequences in double stranded DNA found throughout the human genome [66]. Thus, we sought 
to probe GQ formation within a duplexed DNA context, which is the native context for genomic 
DNA. 
We established a method for testing the GQ formation in both ss and dsDNA. It is a 
solution-based ensemble fluorescence assay that uses two GQ ligands, N-methyl mesoporphyrin 
IX (NMM) and Crystal Violet (CV). The NMM and CV fluorescence occurs upon binding 
parallel and antiparallel GQs, respectively. Therefore, the dual-color fluorescence measurement 
enables detection of GQ formation and the predominant conformation of the folded GQ. Using 
this method, we mapped a series of potential GQ forming sequences in both the ss and dsDNA 
contexts. Our study reveals that GQ-forming sequences have a dramatically diminished folding 
propensity in dsDNA compared to ssDNA. We show that the only sequences composed of 
extremely short loop in all three intervening (non-G) positions, such as C-MYC, can fold into a 
GQ in dsDNA, whereas sequences with only a slightly longer loop length fail to fold in dsDNA. 
By employing single molecule FRET detection, we provide quantitative analysis of GQ folding, 
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which complements and confirms the results of the ensemble fluorescence assay. We also 
present a dynamic GQ structure that undergoes transient transitions to an unfolded state. The 
GQ-forming propensity and stability in duplexed DNA we present here may have implications 
for processes that occur in the context of genomic DNA. 
 
2.2 NMM AND CV FLUORESCENCE MEASURES GQ FOLDING AND DISTINGUISHES 
GQ CONFORMATION 
Previously, we reported two ways of measuring GQ conformation in ssDNA. 
SmFRET was used in conjunction with circular dichroism (CD) to quantitatively measure 
and verify the GQ conformations. Additionally, we developed an NMM quenching assay 
in which NMM binding to Cy3-labeled GQ DNA quenches the Cy3 fluorescence. The 
results clearly indicated that NMM binding and concomitant quenching is specific to 
parallel GQs [20]. While these assays are useful for quantitative measurement of parallel 
GQs, both the FRET and quenching assays require fluorescence tagging of DNA, which can 
be costly and inefficient. Therefore, we set out to develop an assay that can be performed 
on unlabeled DNA in both ss and dsDNA. Such approach can be useful for high-
throughput screening of genomic DNA. 
The assay relies upon the induced fluorescence of NMM and CV upon binding GQ 
DNA [72-75](Fig. 2.1A). NMM and CV exhibit conformation-dependent binding and 
fluorescence to parallel and antiparallel GQs, respectively [76,77](Fig. 2.1B). We leveraged 
this difference to determine the dominant folding motif of GQ-forming DNA with varying 
loop lengths. To test the feasibility of discerning GQ conformation by NMM and CV, we 
selected three previously-characterized GQ-forming sequences, C-MYC (parallel GQ), 1–4–
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4 (parallel GQ), and (TTA)3 (primarily antiparallel GQ) in ssDNA [20]. We named the 
sequences after their loop length or composition. For example, 1–4–4 is GGG T GGG TTTT 
GGG TTTT GGG, and (TTA)3 is GGG TTA GGG TTA GGG TTA GGG (Supplementary 
Table S1). These sequences were compared to a non-GQ-forming negative control, 18mer 
(Fig. 2.1C). In order to promote GQ folding, we used a buffer containing 100 mM potassium 
chloride (KCl) in all measurements. When NMM (1 µM) was applied to individual DNA 
(400nM) sample, both C-MYC and 1–4–4 exhibited a high level of fluorescence The two 
emission peaks at 610 and 670 nm represent fluorescence of NMM induced by parallel GQ 
binding. In contrast, (TTA)3 showed substantially reduced 610 and 670 nm fluorescence 
peaks, indicating diminished parallel conformation. This is consistent with a low level of 
induced fluorescence of NMM caused by antiparallel structures [78]. The 18-mer control 
showed the lowest fluorescence values, indicating a negligible level of nonspecific binding of 
NMM to non-GQ-forming DNA (Fig. 2.1D). The high NMM fluorescence displayed for C-
MYC and 1–4–4, and the low level for (TTA)3 are in agreement with our previous study in 
which we reported highly-parallel folding of C-MYC and 1– 4–4, and primarily non-parallel 
folding of (TTA)3 by FRET analysis [20]. We confirmed that neither NMM nor CV exhibits 
fluorescence in the absence of GQ-forming DNA. 
Using the same set of DNAs, we performed the assay with CV (1.2 µM), the 
marker ligand for antiparallel GQs. Contrary to the pattern observed for NMM, CV 
yielded the highest fluorescence for (TTA)3 and the lowest intensity for C-MYC and 1–
4–4 (Fig. 2.1E). This result confirms the dominant antiparallel GQ folding of (TTA)3 and 
lack of antiparallel conformation in C-MYC and 1–4–4. We note that the (TTA)3 may also 
form into a hybrid state, but CV fluorescence only reports on the presence of an 
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antiparallel GQ. Again, the 18-mer showed a near-zero fluorescence level, which 
indicates minimal non-specific binding of CV to non-GQ DNA. Furthermore, CD 
measurements confirm that C-MYC and 1–4–4 fold in a parallel conformation, as 
displayed by the distinct peak at 260 nm and a valley at 240 nm [79-81]. In contrast, 
(TTA)3 primarily folds in antiparallel [77], as indicated by a major peak at 290 nm (Fig. 
2.1F). Here, we demonstrate the feasibility of employing the NMM and CV for 
measuring GQ folding and distinguishing GQ conformations. 
 
2.3 APPLYING NMM AND CV TO MAP GQ-FORMING SEQUENCES 
We chose a set of 12 GQ-forming sequences to further evaluate the NMM fluorescence 
assay by comparing it to the NMM quenching data obtained previously. The peak value of 
fluorescence induced by NMM (610 nm) was plotted against the NMM quenching data reported 
previously [20]. As shown, the two data sets were highly correlated as shown by the scatter plot 
(Pearson coefficient of 0.89), validating the NMM fluorescence method for measuring the 
presence of a parallel GQ (Fig. 2.2A). In both the percent quenching and fluorescence data, the 
value of 1–1–1 was set as 100%. The slightly lower fluorescence values obtained for 3–3–3, 4–
3– 3, and 5–3–3 is likely due to the fast dynamics exhibited by these DNA substrates, which may 
reduce the fluorescence of NMM [20]. Briefly, our smFRET measurement on 3– 3–3, 4–3–3, and 
5–3–3 showed that these DNAs undergo fast transitions to unfolded state, parallel and non-
parallel states. Such conformational dynamics may have reduced the emission output by NMM. 
In both sets of data, the emerging pattern is that a short loop promotes parallel GQ folding while 
a longer loop results in less parallel structures and unfolded state. 
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Having tested the validity and feasibility of the NMM and CV fluorescence method, we 
measured both NMM (610 nm) and CV (640 nm) fluorescence for a larger set of twenty three 
DNAs listed in Figure 2.2C and Supplementary Table S1. To represent the two sets of data in a 
single view, the fluorescence values of NMM and CV obtained for all DNAs were used to build 
a scatter plot where the x-axis and y-axis are NMM and CV intensity, respectively (Fig. 2.2B). It 
displays three clearly distinguished clusters of sequences, indicating three separate GQ 
conformations. First, the orange triangles represent the parallel species including C-MYC, 1–3–3 
and 1–4–4 that exhibit high NMM and low CV induced fluorescence. Second, the light blue 
circles indicate less parallel and more antiparallel GQs including (TAA)3 and (TTA)3 that display 
high CV coupled with low NMM intensity. These sequences exhibited primarily antiparallel 
folding in our previous study, confirming the CV fluorescence as a measure of antiparallel 
conformation [20]. Third, the gray squares are the unfolded DNAs to which neither NMM nor 
CV bind. The center of each cluster is marked with a crosshair. NMM alone is sufficient for 
measuring the parallel state of a GQ, while CV provides a complementary index of antiparallel 
GQs. Together, our results demonstrate that dual color ensemble assay utilizing NMM and CV 
fluorescence can be a reliable measurement for mapping GQ-forming propensity and 
conformation. 
Based on the results shown in Figure 2.2 A and B, the sequences in Figure 2.2 C are 
organized into three distinct populations. The sequences in the orange box are predominantly 
parallel whereas the sequences in the light blue box are primarily antiparallel folding sequences. 
Non-folding sequences are located within the gray outline. As previously shown, folding 
conformation is dependent on the loop length [20]. Increasing the loop length results in a 
transition from predominantly parallel to an antiparallel and unfolded state. 
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2.4 GQ FORMATION IN DOUBLE-STRANDED DNA 
Promoter DNA that harbors GQ-forming sequences occurs in the context of duplexed 
DNA. It is predicted that this segment of DNA will typically exist as dsDNA, indiscriminant 
from other genomic DNA. It is thought that at the initiation of transcription, DNA is unwound 
by transcription machinery, generating a negative supercoiling and stimulating the formation of 
GQs [39]. This formation of GQs may serve to dissipate the torsional strain built-up in the 
helical structure of DNA. A previous biochemical study showed that GQ formation can be 
induced by annealing the G-rich strand and the complementary C-rich strand in the presence of 
the molecular crowding reagent, Polyethylene Glycol (PEG) [82]. This annealing method to 
form GQs in dsDNA allows one to emulate the transcription-triggered GQ formation. Adopting 
this protocol, we annealed DNA in the standard potassium ion concentration with the addition 
of 40% PEG. For fluorescence measurements, the DNA was diluted tenfold, resulting in 4% 
PEG. 
The dual-color fluorescence assay was performed for the GQ formed in dsDNA using the same 
protocol used for testing GQs in ssDNA (Fig. 2.3A). When annealed in this condition (40% 
PEG), the double-stranded (ds) C-MYC showed the highest fluorescence upon addition of 
NMM, followed by 1–4–4, suggesting that GQ formation occurred in both DNAs. Unlike in 
ssDNA, where the two DNAs displayed the same level of fluorescence, the NMM fluorescence 
for 1–4–4 is substantially lower than that of C-MYC, suggesting a less efficient GQ folding of 
1–4–4 than of C-MYC in the dsDNA context (Fig. 2.3B). (TTA)3 shows no fluorescence, which 
is indistinguishable from the control 18-mer dsDNA, indicating that (TTA)3 does not fold into a 
parallel GQ. When the DNAs are annealed in a buffer devoid of PEG, we observe no 
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fluorescence of NMM and CV, suggesting no formation of GQs in all three DNAs. We also 
show that the addition of PEG to already annealed DNA duplexes cannot stimulate GQ 
formation. 
In stark contrast to the GQs formed in ssDNA, CV fluorescence yielded uniformly 
negligible fluorescence for all GQs formed in dsDNA (Fig. 2.3C), indicating that none of the 
three DNA substrates fold into the antiparallel conformation. In particular, the contrast between 
the high CV fluorescence of (TTA)3 seen in ssDNA (Fig. 2.2B) and no fluorescence in dsDNA 
clearly suggests that the antiparallel folding only exists in the context of ssDNA. It also implies 
that antiparallel folding cannot be supported in dsDNA likely due to the competition with 
Watson–Crick base pairing. 
We examined several additional genomic GQ DNA constructs in dsDNA (Fig. 2.3D). In 
the first group (orange box), the shortest loop of varying sequence composition (A-T-T, A-A-A, 
T-C-T) were tested in order to compare with C-MYC. All three DNAs yielded high NMM 
fluorescence coupled with low CV fluorescence, both comparable to C-MYC, reflecting 
formation of primarily parallel GQs (Fig. 2.3E). The second group (blue box) includes 1–3–3, 
1–4–4 and 1–5–5, all of which are highly parallel in ssDNA (Fig. 2.2B). In duplex, however, all 
three constructs showed an intermediate level of NMM (1–3–3>1–4–4>1–5–5) coupled with 
low CV fluorescence, which we later show as arising from a mixed population of duplexed and 
GQ folded population of molecules. The third group, including 2–3– 3, 3–3–3, 4–3–3, 5–3–3, 
(TTA)3, (TAA)3 and (AAA)3 (gray box) all displayed extremely low NMM and low CV 
fluorescence. This indicates no formation of GQs within this group. Again, this result starkly 
contrasts the antiparallel folding exhibited by these sequences in ssDNA (Fig. 2.2C). To check 
if the CV binding was prevented by the presence of duplex or the complementary C-rich strand, 
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we performed a control experiment in which the (TTA)3 sequence was annealed with a non-
complementary DNA sequence composed of poly thymine. In this DNA, we expect the 
formation of antiparallel GQs due to the lack of a complementary strand. Upon addition of CV, 
we obtained a clean fluorescence peak that arises from the formation of an antiparallel peak. 
This result strongly suggests that the lack of CV fluorescence is due to lack of GQ formation, 
not due to the perturbation by duplex or complementary strands. 
Taken together, GQ formation in dsDNA is significantly less favorable than in ssDNA, 
likely due to the competition introduced by Watson–Crick base pairing. Despite these inhibitory 
forces, the highly parallel sequences composed of short loops manage to fold and maintain the 
folded structure over periods of time ranging up to 45 min. CD, the standard method of 
measuring GQ formation, cannot decipher GQ formation in the context of dsDNA. When we 
tested CD for C-MYC, 1–4–4 and (TTA)3 formed in dsDNA, all three DNAs yielded a broad 
and uniform peak at 275 nm. This is likely arises from CD’s sensitivity to many other 
components in the system including duplex arms on both sides of GQ and a possible i-motif on 
complementary C-rich DNA. Therefore, we conclude that CD measurements cannot assess GQ 
formation in duplexed DNA. 
 
2.5 SINGLE MOLECULE FRET ANALYSIS OF GQ FOLDING WITHIN DOUBLE-
STRANDED DNA 
To gain further insight into the GQ folding landscape in dsDNA, we employed single 
molecule FRET detection. We prepared fluorescently-labeled DNA in which one strand is 
labeled with Cy3 dye (green) and the complementary strand is labeled with Cy5 dye (red). 
When annealed, the dyes are expected to be located across the DNA duplex (diagonally) with 
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GQ formed in between (Fig. 2.4A, top). Therefore, the formation of a GQ is expected to induce 
high FRET due to the reduction in dye-to-dye distance (Fig. 2.4A bottom). The formation of 
dsDNA without GQ will result in low FRET due to a long distance between the two dyes. We 
tested five of the previously tested DNAs, C-MYC, 1– 3–3, 1–4–4, 1–5–5 and (TTA)3 by 
smFRET. We chose these DNAs based on their NMM/CV profiles (Fig. 2.3E) representing 
highly parallel (C-MYC), somewhat parallel (1–3– 3, 1–4–4, 1–5–5) and non-GQ folding 
((TTA)3). One end of the DNA is biotinylated for immobilization of the DNA onto a single 
molecule imaging surface coated with NeutrAvidin [83]. Once immobilized, one field of view 
yields approximately 400–500 single molecules of DNA displaying FRET. Typically, we 
imaged 10–20 fields of view (5–10 s movies) to collect FRET values from over 5000 molecules 
to generate a FRET histogram. We first tested the sequences annealed in the absence of PEG. 
As expected, the FRET histogram for all five DNAs yielded uniformly low FRET peaks, 
consistent with the formation of duplexed DNA. The FRET peak for C-MYC is slightly higher 
than the peak for 1–4–4 and (TAA)3 because the total length of C-MYC (16 bp) is shorter than 
that of the 1– 3–3 (19 bp), 1–4–4 (21 bp), 1–5–5 (23 bp) and (TTA)3 (21bp). We note that the 
FRET peak values are lower than expected from separation distances of 16 and 21 bp, (∼0.5 
and ∼0.275 FRET values), because both dyes are located 3–4 bp away from the GQ-forming 
sequence boundary. To avoid molecules with only the Cy3 fluorophore (donor-only), we 
selected only molecules that possess both the Cy3 (donor) and Cy5 (acceptor) for all FRET 
histograms. This was achieved by a short pulse of red laser illumination in the beginning of the 
data acquisition to mark out the molecules that have red dye. In data processing, we can select 
out the molecules that possess both dyes. Therefore, the low FRET peak arises from the DNA 
molecules that are duplexed rather than the leakage signal from donor-only molecules. 
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Next, the DNAs were annealed in 40% PEG-containing buffer and immobilized onto a 
single molecule imaging surface. After immobilization, we applied PEG-free buffer to remove 
any PEG-induced effect. In this condition, the FRET peaks for C-MYC showed a nearly 
complete shift to high FRET, consistent with the stable formation of a GQ (Fig. 2.4B). This 
result confirms that the high NMM fluorescence induced by C-MYC does not depend on the 
presence of 4% PEG in the buffer (Fig. 2.3B, E). In the case of 1–3–3, 1–4–4 and 1–5–5, the 
FRET peak shows two distinct populations. We interpret the high FRET peak (0.8) as GQ 
folded and a low FRET peak (0.3) as duplexed DNA molecules. We note that the FRET peaks 
obtained for all five DNAs are highly similar, i.e. high FRET at 0.8 and low FRET at 0.3. The 
pattern of FRET distribution between the folded and duplexed DNA for 1–3–3, 1–4–4 and 1–5–
5 is in agreement with the intermediate values of NMM fluorescence obtained for this set of 
DNAs (Fig. 2.3B, E). The quantification of Gaussian fitted area under the high FRET peak is 
plotted in black bars (Fig. 2.4C). There is a descending pattern of high FRET peak from C-
MYC (92%), 1–3–3 (86%), 1–4–4 (66%), 1–5–5 (58%) and (TTA)3 (0%). 
This displays that the increasing loop size substantially lowers the propensity for GQ 
formation in dsDNA. (TTA)3 does not exhibit a high FRET peak, in agreement with the 
negligible NMM fluorescence (Fig. 2.3C, E). This verifies that (TTA)3 cannot form into a GQ 
structure within a dsDNA setting. (Fig. 2.4B, C). To compare the NMM and FRET method for 
testing GQ formation, we plotted the two sets of data side by side (Fig. 2.4C; black = FRET, red 
= NMM). The similar pattern between the two data sets confirms that the ensemble 
fluorescence of NMM allows quantitative measurements of GQ folding status. The lack of non-
parallel folding GQs within a duplex construct allows for the use of NMM as the sole GQ 
probing compound. The same DNA strands annealed in the absence of PEG produced only a 
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low FRET peak corresponding to a completely duplexed DNA configuration. 
Next, we looked into single molecule traces obtained from the five tested DNAs. To 
obtain long traces, we recorded traces for 1–2 min with 100 ms exposure time. From one movie, 
we obtain approximately 100–200 single molecule traces that display both dyes without 
photobleaching for over 1 min. All traces of C-MYC exhibit constantly high FRET value 
whereas all (TTA)3 molecules exhibit constant low FRET as expected from the FRET 
histogram peaks. 1–3–3, 1–4–4 and 1–5– 5 show both high FRET (shown) and low FRET 
traces (not shown), reflecting GQ folded and duplexed DNA populations, respectively (Fig. 
2.4D). In addition, 1–4–4 and 1–5–5 DNAs exhibit a small percentage (3–5%) of traces that 
show dynamic FRET fluctuations (Fig. 2.4E, F). Such FRET fluctuations are specific to these 
DNAs as they are completely absent in C-MYC and (TTA)3. The unique dynamics exhibited in 
1–4–4 and 1–5–5 suggest that the GQ folding is likely less stable than in C-MYC, and such 
weak structure allows it to spring back and forth between folded and partially unfolded 
conformations even in the context of dsDNA. In contrast, the steady FRET value seen for C-
MYC indicates that it is tightly locked in a stably folded structure. 
 
2.6 DISCUSSION 
We sought to develop a simple and reliable ensemble assay to test the folding and 
conformational state of GQ in both ss and dsDNA. We have utilized two GQ-interacting 
ligands, NMM and CV, which are known to bind selectively to parallel and antiparallel GQs, 
respectively [76,77]. We were able to validate the method by comparing the fluorescence to the 
previously reported quenching results [20]. When the NMM fluorescence assay was applied to 
the set of sequences previously examined by NMM quenching, CD and smFRET, the result 
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showed high correlation, further validating the use of NMM fluorescence as a GQ folding 
assessment method (Fig. 2.2A) [20]. The distinct fluorescence peaks produced by GQ-bound 
NMM and CV corresponding to the expected conformational state of the GQ confirms the 
validity of this dual-color fluorescence assay. The NMM fluorescence of 3–3–3, 4–3–3 and 5–
3–3 which was slightly lower than the degree of quenching (Fig. 2.2B) is likely due to these 
DNAs undergoing rapid folding and unfolding transitions as we previously reported [20]. While 
the short-lived interactions between NMM and GQs may be sufficient for quenching of Cy3 
dye, the induced fluorescence of NMM may require more stable and long-lived interactions 
between NMM and GQ structures. 
After our initial validation, NMM and CV fluorescence was tested on an expanded list 
of 23 GQs in ssDNA and five non-GQ-forming negative controls. All 23 GQ-forming 
sequences showed an anti-correlated pattern (i.e. high NMM coupled with low CV or high CV 
coupled with low NMM) (Fig. 2.2C). There are two patterns seen in both parallel (orange) and 
antiparallel (light blue) groups of DNAs. The CV fluorescence for parallel sequences (orange) 
and NMM fluorescence for antiparallel DNAs (light blue) exhibit a narrow distribution, 
suggesting a uniformly low binding of the non-matching ligand. In contrast, the fluorescence of 
the matching ligand, NMM for parallel and CV for antiparallel, displays a broad distribution, 
representing a wide range of stability in GQ within each conformation. Sequences such as 1–7–
7 and 1–9–9 induce lower NMM fluorescence than C-MYC, likely due to the presence of the 
unfolded molecules as shown before [20]. As discussed below, such differences become 
substantially more pronounced in dsDNA (Fig. 2.3E). 
It is evident that the length of loop plays a critical role in determining GQ folding and 
conformation (Fig. 2.2C). In general, longer length promotes antiparallel (non-parallel) and 
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unfolded configurations. Nevertheless, there are clear exceptions in ssDNA, such as 1–5–5, 1–
7–7, 1–9–9, 1–11–11 and their permutations, which form primarily parallel GQs. Although 
these sequences possess a longer total length of loop than 3–3–3, 4–3–3, 5–3–3, (TTA)3 and 
(TAA)3, they do not fold into antiparallel GQs. This is consistent with our previous finding that 
the presence of a single nucleotide loop triggers parallel folding despite the greater sum of all 
three loop lengths [20]. Based on these results, we conclude that the distribution of the loop 
length governs GQ folding more than the sum of the total loop length and that one nucleotide 
loop has a dominant effect in driving the parallel GQ formation. 
Our data clearly show that the GQ with limited loop length can form in dsDNA in the 
presence of a molecular crowding condition (41). Interestingly, once folded, these structures 
stay folded for a long duration even after the removal of the molecular crowding reagent. 
Furthermore, increasing the loop length of these structures results in decreased NMM binding 
without increased CV binding, suggesting that in dsDNA, lengthening the loop does not induce 
a transition to an antiparallel state. Our results reveal that the antiparallel folding may only exist 
in the context of ssDNA, and such folding is not supported in dsDNA (Fig. 2.5). The sequences 
that form into an antiparallel conformation in ssDNA cannot be held as folded structures in 
duplex. It is likely that the folding (thermodynamic) stability of the antiparallel GQ is weaker 
than that of Watson– Crick base pairing. It is plausible that the weak antiparallel GQ can be 
supported if GQ binding proteins or chemical ligands stabilize such structures in cells. 
The smFRET approach enabled a direct and quantitative analysis in determining the 
fraction of GQ folded (high FRET) and unfolded/dsDNA (low FRET) molecules. We removed 
the low-FRET background provided by donor-only (acceptor-photobleached) molecules, by 
selecting molecules that contained both FRET pair dyes. The folded GQ quantified by smFRET 
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matched the result obtained by the NMM ensemble fluorescence assay, thus validating the 
ensemble approach as a quantitative GQ detection method in both ss and dsDNA. In addition, 
the smFRET revealed dynamic fluctuations in GQ structures formed by 1–4–4 and 1–5–5 
DNAs, indicating that these sequences are able to spring back and forth between less folded and 
more folded conformations. If such dynamic properties are exhibited in genomic DNA, the GQ 
may act like a flexible switch that opens and closes to control replication or transcription 
activity. 
We established a reliable fluorescence assay that can be readily applied to any types of 
DNA sequence for assessing its GQ-forming propensity and conformational specificity. Based 
on our mapping, we conclude that the GQ-forming pattern is: (i) significantly different between 
ssDNA and dsDNA; (ii) governed by loop length distribution and (iii) predictable based on the 
sequence composition and DNA context (Fig. 2.5A). The GQ-forming potential outlined for 
ssDNA and dsDNA here (Fig. 2.5B) will serve as a useful index for future studies. 
 
2.7 MATERIALS AND METHODS 
Preparation of DNA 
For bulk experiments, GQ DNA sequences and their complements were purchased 
unmodified from Integrated DNA Technologies (IDT). Single stranded DNA studies were 
conducted with an 18 mer ssDNA on the 51 end, while duplexed DNA studies contained two 
separate 18 mer on both the 31 and 51 ends. For single molecule experiments, the same 
sequences as above were purchased containing an amine modified thymine located 3 or 4 bases 
from the GQ-forming region. Constructs were labeled by incubating 10 mM CY3 or Cy5-NHS 
ester (GE Lifesciences) with .1 mM DNA in 100 mM sodium bicarbonate pH 8.5 buffer for 4–5 
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h. Excess dye was removed through two rounds of ethanol precipitation. Sequences were 
diluted in a standard G-quadruplex formation buffer: 20 mM Tris-HCl pH 7.5, 100 mM KCl. 
Annealing dsDNA 
Complementary DNA pairs were annealed at a 1:1 ratio for ensemble fluorescence 
measurements. 40% (v/v) PEG 200 (Sigma Aldrich) was supplemented to the standard GQ 
buffer to induce GQ formation in duplex constructs. The annealing reaction was performed by 
incubating samples at 95◦C in standard GQ buffer for 5 min and then cooling 2◦C per min to 
room temperature (24 ± 1◦C). FRET constructs for single molecule imaging were annealed by 
mixing the Cy5-labeled 31 -biotinylated DNA and complementary 31 Cy3 GQ-containing DNA 
at a molar ratio of 1:1.2. The constructs were incubated at 95◦C for 5 min and then cooled 2◦C 
per min to room temperature (24 ± 1◦C). Excess Cy3 labeled oligonucleotide is added to 
maximize the likelihood of immobilizing duplex on NeutrAvidin coated surface. The excess 
non-biotinylated strand is removed from the imaging chamber by flushing the system during 
single molecule FRET imaging.). 
Fluorescence measurements of GQ-ligand interaction 
1 µM NMM (Frontier Scientific) and 1.2 µM CV (Sigma Aldrich) were separately 
mixed with 400 nM dsDNA samples in standard GQ buffer. Final imaging conditions contained 
4% PEG 200 (v/v). A control samples that was annealed in non-PEG buffer was tested by 
adding 4% PEG 200. Lack of fluorescence in these samples indicated that the presence of PEG 
200 post annealing would not significantly alter fluorescence measurements or induced GQ 
folding after the annealing process. Emission measurements were taken with a fluorescence 
spectrophotometer (Cary Eclipse, Varian) exciting NMM and CV at wavelengths of 393 nm and 
540 nm, respectively. Measurements were repeated in buffer containing 5 mM MgCl2 instead 
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of monovalent cations, to ensure changes in emission intensity were the result of ligand binding 
to folded dsDNA GQs. 
Single-molecule imaging buffer 
For single molecule imaging, the standard GQ buffer was supplemented with an oxygen 
scavenging system of 0.8 mg/ml glucose oxidase, 0.625% glucose, 3 mM 6-hydroxy2,5,7,8-
tetramethylchroman-2-carboxylic acid (Trolox) and 0.03 mg/ml catalase. 
Single-molecule imaging 
Single-molecule fluorescence experiments were performed in channels made from glass 
coverslips on quartz slides (Finkenbeiner). Slides and coverslips were pretreated with methanol, 
acetone, potassium hydroxide and flame treatment, followed by an aminosilane coating. To 
prevent DNA–surface interactions, slides and coverslips were coated with 97% methyl-PEG 
(m-PEG-5000, Laysan Bio, Inc.) and 3% biotin PEG (biotin-PEG-5000, Laysan Bio, Inc). 
Biotinylated DNA molecules were immobilized to the slide surface through biotin-neutravidin 
interactions. Imaging buffer was flowed through the chamber to wash out unbound molecules 
and remove residual PEG 200. All experiments and measurements were performed at room 
temperature (24 ± 1◦C). Total internal reflection microscopy was used to collect single-
molecule FRET data. Specifically, an evanescent field of illumination was created by directing 
a 532-nm Nd:YAG laser through a prism. Signals were collected by a water-immersed objective 
with a 550 nm long pass filter to remove the scattered light. Donor dye signals were collected 
using a 630 nm dichroic mirror and a charge coupled device camera. 
Single molecule data analysis 
Data was recorded with a 100 ms time resolution and analyzed with Interactive Data 
Language (IDL) to give single-molecule traces of fluorescence intensity over time. Data output 
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from IDL was processed with custom MATLAB scripts, which are available to download from 
https:// physics.illinois.edu/cplc/software/. Efficiency of FRET was calculated as the acceptor 
channel intensity divided by the sum of donor and acceptor channel intensities. Folding 
populations were calculated through the removal of donor only (Cy3) containing traces and 
Gaussian fitting the peaks of FRET histograms generated from 20 field of view. 
Circular dichroism 
Circular dichroism was performed at room temperature (23±1◦C) with 10 µM GQ 
oligonucleotides. Standard GQ-forming buffer, mentioned above, was utilized for annealing and 
measurement. For CD measurements within the duplex constructs, sequences were annealed at 
100 uM in standard buffer supplemented with 40% (v/v) PEG 200. The CD spectra were 
recorded on a JASCO J-715 spectropolarimeter over the range of 200–320 nm using a 1-mm 
path length quartz cuvette with a reaction volume of 200 µl. For GQ in ssDNA presented in 
Figure 2.1F, we took CD spectra of all four DNAs, C-MYC, 1–1–1, (TTA)3 and 18mer and 
subtracted the CD spectra of 18mer from the three GQ forming DNAs. For GQ in dsDNA, we 
took CD spectra of all C-MYC, 1– 1–1, (TTA)3 duplex DNAs and subtracted the CD spectra of 
18 base pairs corresponding to one of the duplex handles attached to each DNA construct. 
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2.8 FIGURES  
  
  
Figure 2.1  NMM and CV fluorescence induced by GQ-forming DNAs. (A) Comparison of NMM 
quenching (previously published) and NMM fluorescence. (B) Scatter plot of NMM and CV 
fluorescence for all DNAs show three clusters corresponding to parallel, antiparallel and unfolded 
groups. (C) All DNA sequences used for NMM and CV fluorescence measurement. 
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Figure 2.2  NMM and CV fluorescence induced by GQ-forming DNAs. (A) Comparison of NMM 
quenching (previously published) and NMM fluorescence. (B) Scatter plot of NMM and CV 
fluorescence for all DNAs show three clusters corresponding to parallel, antiparallel and unfolded 
groups. (C) All DNA sequences used for NMM and CV fluorescence measurement. 
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Figure 2.3  NMM and CV fluorescence assays on GQ formed on double strand DNA. (A) Schematic 
of NMM and CV binding to GQ on dsDNA. (B, C) Scanned emission spectrum of NMM (B) and CV 
(C) for the four DNAs. (D) All DNA sequences used for GQ formation in dsDNA. (E) Scatter plot of 
NMM versus CV fluorescence. 
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Figure 2.4  NMM and CV fluorescence assays on GQ formed on double strand DNA. (A) Schematic 
of NMM and CV binding to GQ on dsDNA. (B, C) Scanned emission spectrum of NMM (B) and CV 
(C) for the four DNAs. (D) All DNA sequences used for GQ formation in dsDNA. (E) Scatter plot of 
NMM versus CV fluorescence. 
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Figure 2.5  NMM and CV fluorescence assays on GQ formed on double strand DNA. (A) Schematic 
of NMM and CV binding to GQ on dsDNA. (B, C) Scanned emission spectrum of NMM (B) and CV 
(C) for the four DNAs. (D) All DNA sequences used for GQ formation in dsDNA. (E) Scatter plot of 
NMM versus CV fluorescence. 
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CHAPTER 3: QUANTITATIVE ANALYSIS AND PREDICTION OF G-QUADRUPLEX 
FORMING SEQUENCES IN DOUBLE-STRANDED DNA 
The work in this chapter has been adapted from work recently accepted in a scientific 
journal. It is reprinted from Nucleic Acid Research (NAR), Minji Kim, Alex Kreig, Chun-Ying 
Lee, H. Tomas Rube, Jacob Calvert, Jun S. Song, Sua Myong, (2015), In Press. 
 
3.1 INTRODUCTION 
The discovery of stable genomic GQ formation coupled with the significant number of potential 
GQ sequences located within the human genome (>400,000 utilizing a loop limit of 7 bases) 
underscores the need for new tools that can accurately predict folding propensity. Owing to the 
regular pattern found in GQ forming sequences, many bioinformatics studies have been 
conducted on putative GQ sequences [49,84,85]. Generally, these studies simply sought for 
recurring patterns of putative GQs or developed models describing folding propensity based on 
GQ experiments in ssDNA. Previously, we showed that the GQ folding propensity is 
substantially diminished in dsDNA and that, unlike ssDNA, dsDNA has limited ability to form 
only into parallel GQs [50]. These considerations highlight the need for a new model that can 
predict GQ folding propensity specifically in a dsDNA context. 
We performed a survey of systematically designed GQ-forming sequences to identify 
folding propensity within a dsDNA context, which is more representative of genomic DNA 
than ssDNA. The survey contained more than four hundred putative GQ-forming sequences 
with loops composed entirely of A, C, or T. Quantitative measurement of the GQ formation was 
obtained by an N-methyl mesoporphyrin IX (NMM) fluorescence assay that was established in 
our previous work [50]. NMM intensity measurement was complemented by single-molecule 
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fluorescence resonance energy transfer (smFRET) experiments, which enable direct 
quantitation of GQ-folded and unfolded population of molecules (Fig. 3.1B). We utilized these 
complementary methods to categorize each sequence as “strongly folding,” “non-folding”, or 
“combined” classes, providing a simple metric for comparing the folding propensities of 
specific putative GQ sequences. Furthermore, by analyzing the impact of loop lengths and 
compositions on the NMM intensity measurement, we identified GQ-driving loop parameters. 
These results were combined in regression models that can predict GQ folding propensity with 
high accuracy. Our GQ folding experimental platform and computational models will serve as a 
useful reference that facilitates the investigation of potential genomic GQs in the future. 
 
3.2 PILOT STUDY ESTABLISHES CUTOFF FOR GQ FOLDING 
We designed a series of GQ-forming dsDNA constructs by following the conventional pattern, 
[GGGNL1GGGNL2GGGNL3GGG] as defined above (Fig. 3.1A). We have excluded the loop 
lengths that would not support GQ folding based on our previous study that revealed a 
significantly diminished GQ folding potential in dsDNA compared to ssDNA [50]. As a pilot 
study, we designed 246 sequences that satisfied the following three conditions. First, the total 
loop length, L1+L2+L3, was restricted to be 12 bases or less. Second, all loops consisted 
entirely of only one nucleotide, A, C or T. Third, at least two loop lengths were of equal length. 
NMM was applied to each DNA in a 96 well plate, and the induced fluorescence from NMM 
was measured to assess the GQ folding potential (Fig. 3.1B, C). The measurement was repeated 
3 times per DNA and the results were highly reproducible (average standard deviation = 18; 
Supplementary Data). The NMM-based fluorescence assay allows detection of parallel GQ 
structure, which is the only form of GQ that can form in dsDNA. Therefore, the NMM signal 
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induced by potential GQ-dsDNA indicates the degree of its GQ folding. We expect a high 
NMM signal for DNA that primarily forms into a GQ, intermediate intensity for a combined 
population of folded and non-folded GQs, and no signal if all DNA molecules become duplexed 
(Fig. 3.1C). 
Based on the NMM intensity, we categorized the folding propensity of the 246 
sequences into folding (> 254) and non-folding (< 254) classes by using a Gaussian mixture 
model (Fig. 3.2A). The NMM intensity cutoff of 254 corresponded to approximately 52% and 
48% of the sequences as folding and non-folding, respectively. In order to check whether all 
three nucleotide types yield similar NMM intensity distributions, we grouped the data by the 
nucleotide content of loop sequences and plotted the empirical cumulative distribution for each 
group (Fig. 3.2B). The distribution for T was clearly shifted to the right, strongly suggesting 
that T loops induce a stronger GQ folding potential than A and C loops. This effect is further 
analyzed and discussed below. 
To test the validity of NMM intensity, we performed an smFRET assay on a selected 
subset of GQ DNA constructs that represent low to high range of NMM intensity. Our previous 
study demonstrated that NMM intensity is highly correlated with GQ folding fraction measured 
by smFRET when the loop is composed of T bases. In order to further test whether such 
correlation still holds for other bases, we performed an NMM intensity measurement and 
smFRET analysis on the loop sequences including the ones composed of either A or C. Due to 
the two fluorophores attached at the boundary of a GQ forming sequence, high FRET is 
expected only when a GQ is folded, whereas low FRET indicates duplexed DNA without GQ 
folding (Fig. 3.2C). The histograms built from FRET values of over 3000 molecules yielded 
two FRET peaks corresponding to folded and non-folded (duplexed) GQ structures represented 
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by high FRET (0.8) and low FRET (0.2) peaks, respectively [50]. The folded fraction was 
calculated by obtaining an area under the Gaussian-fitted curves on the FRET histogram. The 
resulting plot showed that the NMM intensity was highly correlated with the smFRET-based 
folding estimation, even for the A and C containing loops, validating the NMM as a reliable 
folding probe for GQ DNA regardless of the loop sequence (Fig. 3.2D). Consistent with the 
above finding, the loops composed of A and C displayed substantially less folding for both 
(1,4,4) and (2,2,2) than the T loop, strongly suggesting sequence- dependent GQ-folding 
propensity (Fig. 3.2B). 
 
3.3 DUPLEX GQ FOLDING DEPENDS ON MINIMUM LOOP LENGTH AND THE 
NUCLEOTIDE T 
As an initial means to understand the combined data set, we first categorized the 438 
experimentally generated NMM intensity values into three classes based on a mixture of three 
Gaussian distributions fitted via the Expectation-Maximization algorithm (Fig. 3.5A). This 
partitioning is based on the two peaks observed in pilot data (Fig. 3.2A) and the third peak in the 
second data set (Fig. 3.4A). Comparing the ratios of posterior class probabilities suggested the 
following three GQ folding categories: (1) Intensity < 151 for non-folding, (2) 151 < Intensity < 
412 for combined folding and non-folding, and (3) Intensity > 412 for strong folding. Each of the 
non-folding, combined, and strong folding category contained 31%, 39%, and 30% of the data, 
respectively. 
Using the above threshold values as a guideline, we investigated the role of loop 
nucleotide content on folding.    The  three  nucleotide-specific  histograms  of  NMM  intensity  
clearly  showed  that sequences containing T had a greater tendency to fold than those containing 
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C or A (one-sided unpaired Wilcoxon rank sum test p-value = 4.3×10-13 for sequences containing 
T vs. those containing C or A; Fig. 3.5B). Moreover, the overall distribution for T was 
significantly different from that for C or A (two-sided Kolmogorov-Smirnov (KS) test p-value = 
2.8×10-7 and 2.008×10-9 for C and A, respectively; while the distribution for C was not 
significantly different from that for A (two- sided KS test p-value = 0.13). 
The three loop lengths L1, L2, and L3 have been previously proposed to modulate GQ 
folding, but the rules governing their effect remains unknown [19-22,50,82]. Inspection of the 
intensity plots in Figure 3.3 revealed that an informative feature was the minimum of loop 
lengths (minL). Indeed, the intensity histograms plotted for different minL values showed that 
the sequences with minL=1 spanned all three folding categories, although slightly skewed 
towards the strong folding region; those with minL=2 were either non-folding or combined, and 
those with minL>2 were mostly non-folding (one-sided unpaired Wilcoxon rank sum test p-value 
< 2.2×10-16 for minL=1 vs. minL >1; Fig. 3.5C). The NMM intensity thus decreased dramatically 
as the minimum loop length increased, suggesting that transforming the loop lengths L1, L2, and 
L3 to order statistics minL, medL, and maxL may help predict GQ intensity. Our regression 
models in the subsequent section will explore this transformation. 
 
3.4 REGRESSION MODELS PREDICT GQ FOLDING PROPENSITY 
To learn how GQ folding propensity depends on the characteristic features of intervening loops, 
we fitted the experimental NMM intensities using a linear regression model with the following 
five predictor variables: minL, medL, maxL, seqT, and seqC. The 𝑠𝑠𝑒𝑒𝑞𝑞𝑇𝑇 and 𝑠𝑠𝑒𝑒𝑞𝑞𝐶𝐶 are indicator 
variables for the T and C nucleotides, respectively, and 𝑠𝑠𝑒𝑒𝑞𝑞𝐴𝐴 = 1 − 𝑠𝑠𝑒𝑒𝑞𝑞𝑇𝑇 − 𝑠𝑠𝑒𝑒𝑞𝑞𝐶𝐶 is omitted due 
to its linear dependency on seqT and seqC.  Training on all 438 sequences, we obtained an R2 
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value of 0.80 implying that our model could predict approximately 80% of  the  variance  in  the  
response variable  (NMM  intensities).   The predicted mean intensity was 𝑦𝑦 = 679 + 149𝑠𝑠𝑒𝑒𝑞𝑞𝑇𝑇 + 
27𝑠𝑠𝑒𝑒𝑞𝑞𝐶𝐶 − 147𝑚𝑚𝑖𝑖𝑛𝑛𝐿𝐿 − 74𝑚𝑚𝑒𝑒𝑑𝑑𝐿𝐿 − 4𝑚𝑚𝑎𝑎𝑥𝑥𝐿𝐿. Among the regression coefficients, the two largest 
magnitudes corresponded to seqT and minL, confirming that the two main driving factors of GQ 
folding are the T loop composition and minimization of the minimal loop length. By contrast, 
seqC and maxL had the smallest magnitudes and had least significant p-values of 0.008 and 
0.125, respectively, suggesting that they both do not contribute substantially to folding. The fact 
that the coefficient for seqC was relatively small also indicated that there was very little 
difference between A and C nucleotides. By contrast, the effect of T on folding was more than 
five-fold greater than that of C. These results are consistent with the similarity in intensity 
distribution between C and A, and the distinction from T previously detected by the 
Kolmogorov-Smirnov Test. 
To test the generalizability of our model, we performed six-fold cross validation. The 
dataset of 438 points was randomly partitioned into 6 groups, and each group was tested using 
parameters trained from the remaining 5 groups. As a result, we obtained an R2 value of 
0.796±0.005 for the training set and a comparable value of 0.784±0.023 for the test set, 
supporting that our model is robust. We plotted the average absolute values of residuals, defined 
as the difference between the observed and the predicted values, in order to visualize how well 
the model fits each data point. Despite the simple nature of our model, most of our predictions 
did not deviate substantially from the observed true values, as indicated by the overall blue 
colors (|residuals| < 150). There were, however, some outlier data points for A and C nucleotides 
showing poor fit when at least two lengths were repeated. Moreover, the most critical issue for 
all nucleotides was that the points (1,1,1), (2,2,2), (3,3,3) and (4,4,4) had large absolute residuals, 
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most likely due to non-linear behaviors of their intensities. In order to improve our prediction 
accuracy, especially at these outlier points, we next developed a Gaussian Process Regression 
(GPR) model. 
Compared to the linear regression model’s R2 value of 0.80, the GPR model trained with 
the same predictor variables on all 438 sequences (Methods) showed a substantial improvement 
to R2=0.92. Six- fold cross validation using the same partition groups from the linear regression 
analysis yielded R2=0.918±0.002 for training and R2=0.878±0.039 for the test data, which, on 
average, improved the linear model results by 0.12 and 0.09, respectively. To visualize the 
overall performance of GPR method and compare it with that of the linear model, the average 
absolute values of residuals for GPR were again plotted. The plot was generally cooler, 
especially at the data points that were problematic with the linear regression approach, e.g. the 
A- containing sequences with loop lengths (1,1,maxL) and (2,2,maxL). Additionally, we 
observed significant improvements in predicting (1,1,1), (2,2,2), (3,3,3), and (4,4,4) for all 
nucleotides, thus addressing the major difficulties encountered in the linear model. Overall, the 
only data points with large prediction errors were (2,2,2) for sequence T, and (1,8,1) and (2,2,2) 
for A, with absolute residuals of ~200, compared to the rest being less than 100. 
Although GPR does not directly provide easily interpretable coefficients as in linear 
regression, the estimated hyperparameters do confirm our findings from the linear model 
(Supplementary Table S2). For the squared exponential and Matérn class covariance functions, 
the length parameter 𝑙𝑙 controls the effect size  of  the  difference  in  the  corresponding  predictor  
variable,  and  its  large  value  suggests that the response variable is not very sensitive to the 
corresponding feature. Consistent with the linear regression result, we observed that the length 
 
 
38 
 
parameters 𝑙𝑙1,A, 𝑙𝑙1,C, 𝑙𝑙1,T for minL were shorter than those  for maxL, implying that the intensity 
depended on minL more than on maxL, with the effect most notable for the T nucleotide. 
  
3.5 DISCUSSION 
 We have developed a simple model that can explain the GQ folding potential of a large 
set of dsDNA sequences. The model is based on studying the distribution of NMM intensity 
values measured in over 400 putative GQ sequences; this comprehensive sampling spans the 
potential folding space of loop parameters that cover the generally accepted range of GQ folding 
sequences. Our results suggest that the most significant composition property that facilitates GQ 
folding in dsDNA is the minimum loop length. For example, sequences with minimum loop 
length (minL) of 1 constitute 63% and 97% of the combined and strong folding populations, 
respectively, implying that those with minL longer than 1 are not as likely to fold into a GQ (Fig. 
3.5C). This result is consistent with the finding from a recent in vivo study that GQs containing 
at least one loop length of 1 are preferentially associated with genomic replication errors [86]. 
Furthermore, there is a significant folding propensity bias among base compositions, with T 
promoting the highest level of GQ formation. Our computational predictive models based on the 
order statistics of loop lengths and sequence compositions accurately capture these rules, and 
cross-validation shows that these models can predict unseen GQ-forming sequences with high 
accuracy. 
Our regression model is based on the order statistics of loop lengths and thus assumes 
that the folding propensity is invariant under the permutation of loop lengths. However, a recent 
study suggests that having a long middle loop may disfavor folding; specifically, it is shown that 
the (1,maxL,1) configuration has reduced GQ folding potential compared to the shuffled 
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configurations (1,1,maxL) and (maxL,1,1) [86]. Our NMM data also manifest slightly 
diminished intensities for (1,maxL,1) compared to (1,1,maxL) and (maxL,1,1) for nucleotides T 
and A, but not for C. Similarly, in our experiments, the configuration (maxL,1,maxL) exhibits 
lower intensities than (1,maxL,maxL) and (maxL,maxL,1)  for  all  nucleotides. These two cases 
suggest that our model assumption of permutation symmetry may not hold for some GQ 
sequences and cause prediction errors (Fig. 3.3B). In order to investigate the impact of 
rearranging loop lengths on folding potential, one can decompose the NMM intensities into 
Fourier modes that are basis functions defined on the 6 permutations of (minL, medL, maxL); 
this  approach mathematically characterizes the dominant fluctuating behavior of NMM values 
on permutation elements. Implementing this analysis shows no consistent pattern for 192 
sequences containing unique loop lengths, but uncovers the pattern previously observed for 
sequences with repeated loop lengths [86]. That is, the Fourier decomposition of NMM 
intensities identifies two dominant modes that combine to reduce intensity in the (1,maxL,1) 
configuration for T and A, but not for the C nucleotide (one-sided unpaired Wilcoxon rank sum 
test for {(1,1,maxL), (maxL,1,1)} vs. {(1,maxL,1)} p-value=7.8×10-4, 0.705, 0.003 for T, C, A, 
respectively). A similar analysis finds reduced folding potential in (maxL,1,maxL) compared to 
its permuted configurations for all nucleotides (one-sided unpaired Wilcoxon rank sum test for 
{(1,maxL,maxL), (maxL,maxL,1)} vs. {(maxL,1,maxL)} p-value = 0.002 for all T, C, A). 
However, our data and mathematical analysis clarify that these patterns of reduced folding 
potential do not generalize to sequences with the minimum loop length greater than 1. 
Even though our two regression models can predict GQ folding propensity with high 
accuracy, both models have limitations. First, our models, as they currently stand, cannot be 
directly applied to sequences that contain any guanine base in a loop, because of the ambiguity in 
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assigning guanines to either a loop or G-tetrads. Second, our models have been validated only on 
sequences with a single uniform base composition in the loops. For sequences containing more 
than one type of base, it may require modeling not only the concentration of each nucleotide, but 
also the specific ordering of the nucleotides. Thus, future research directions include developing 
a predictive model that can handle sequences with intervening loops consisting of a combination 
of A, C, G, and T. For such a set of complex sequences, the flexibility of Gaussian process 
regression will likely provide additional advantages over the linear regression approach. As an 
important step towards achieving these goals, our work provides a reliable experimental and 
computational framework that greatly reduces the search space for potential GQ-forming 
sequences and quantitatively predicts the likelihood of folding for a broad range of candidate 
sequences. 
 
3.6 MATERIALS AND METHODS 
Preparation of DNA 
The oligonucleotide for GQ DNA strand and its complement were purchased unmodified 
from Integrated DNA Technologies (IDT). Each GQ strand was constructed with a unique 
18mer overhang present on both the 5’ and 3’ ends of the GQ. Annealing of complementary 
DNA pairs was conducted in a 1:1 molar ratio at 10uM concentration for the GQ strand and 
its complement. Standard GQ DNA buffer containing 20 mM Tris-HCl pH 7.5, 100 mM 
KCl was supplemented with 40% (v/v) PEG 200 (Sigma Aldrich) to induce GQ formation 
within the dsDNA construct. Annealing was initiated by incubating samples at 95°C for 5 
min and then cooling 2°C per min to room temperature (24 ± 1°C). For single molecule 
experiments, the same sequences as above were purchased containing an amine-modified 
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thymine located 3 or 4 bases from the GQ-forming region. Constructs were labeled by 
incubating 10 mM Cy3 or Cy5-NHS ester (GE Lifesciences) with 0.1 mM DNA in 100 mM 
sodium bicarbonate pH 8.5 buffer for 4–5 hours. 
NMM GQ measurements 
A final concentration of NMM 1µM (Frontier Scientific) was mixed with 500 nM dsDNA 
samples in standard GQ buffer. Final imaging conditions contained 4% PEG 200 (v/v). 
Samples were loaded into an optically clear 96-well plate (Nunc), and fluorescence 
measurements were conducted on a Gemini EM microplate reader (Molecular Devices). 
Emission measurements were taken at 609 nm while being excited at 570 nm. 
Single-molecule imaging 
Single-molecule fluorescence experiments were performed in channels made from glass 
coverslips on quartz slides (Finkenbeiner). To prevent DNA–surface interactions, slides and 
coverslips were coated with 97% methyl-PEG (m-PEG-5000, Laysan Bio, Inc.) and 3% 
biotin PEG (biotin-PEG-5000, Laysan Bio, Inc). Biotinylated single-molecule DNA 
constructs were immobilized to the slide surface through biotin- neutravidin interactions 
[83]. Imaging buffer was flowed through the chamber to wash out unbound molecules and 
remove residual PEG 200. Total internal reflection microscopy (TIRF) was utilized to 
collect single-molecule FRET traces. The evanescent field of illumination was created with 
a 532-nm Nd:YAG laser. Signals were collected by a water-immersed objective with a 550 
nm long pass filter to remove the scattered light. Donor dye signals were collected using a 
630 nm dichroic mirror and a charge coupled device camera. SmFRET traces were recorded 
with a 100 ms time resolution and analyzed with Interactive Data  Language (IDL) to give 
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single-molecule traces of fluorescence intensity over time. Outputs from IDL were 
processed with custom MATLAB scripts, which are available to download from 
https://physics.illinois.edu/cplc/software/. Efficiency of FRET was calculated as the 
acceptor channel intensity divided by the sum of donor and acceptor channel intensities. 
Folding populations were calculated through the removal of donor only (Cy3) containing 
traces and by applying a Gaussian fit to the peaks of FRET histograms generated from 20 
fields of view. 
Experimental data 
For a given sequence, three readings of NMM measurements were recorded and the average 
intensity value was used throughout the analysis. We represented the loop components of a 
GQ sequence using the length vector (𝐿𝐿1,L2,𝐿𝐿3) and nucleotide content N. For instance, 
(4,1,2) and N=A encodes the sequence GGGAAAAGGGAGGGAAGGG. We only 
considered the cases where all nucleotides in   the loops are the same, in order to fully 
characterize the rules governing these simple yet poorly understood cases. The total length 
of intervening sequences is denoted as 𝐿𝐿 = 𝐿𝐿1 + 𝐿𝐿2 + 𝐿𝐿3 . We considered combinations of 
L1, L2, and L3 such that L ≤ 12, and N is allowed to be A, C or T. For each N, there are 4 
sequences corresponding to L1=L2=L3 and 26×3 sequences corresponding to the case 
where exactly two of the lengths are equal, accounting for 4 + 26×3 = 82 total points in 
which at  least  two  of  the intervening sequences are repeated. There are a total of 138 
possible combinations of loop lengths, such that L1, L2, and  L3  are  distinct and  L  ≤  12, 
but we  subsampled  64  cases  for our measurements, as explained in Supplementary Table 
S1. Thus, we have a total number of (82+64)×3=438 readings, corresponding to 146 
combinations of loop lengths for three different nucleotides. 
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We fitted the histogram of intensity values to a mixture of two or three Gaussian 
distributions by using the Expectation-Maximization algorithm (“mixtools” package in R) 
and plotted individual values using “colorRamps” and “calibrate” packages in R. 
Categorical histograms based on  the  nucleotide composition or the minimum loop length 
composition were plotted, and the distribution of a given subset of categories was compared 
to the rest of the categories via one-sided unpaired Wilcoxon rank sum test. Finally, we 
applied the two-sided Kolmogorov-Smirnov test to compare the distributions of T, C, and A 
pairwise. 
Linear regression 
We performed linear regression of the NMM intensity against the predictor variables 𝑚𝑚𝑖𝑖𝑛𝑛𝐿𝐿, 
𝑚𝑚𝑒𝑒𝑑𝑑𝐿𝐿, 𝑚𝑚𝑎𝑎𝑥𝑥𝐿𝐿, 𝑠𝑠𝑒𝑒𝑞𝑞𝑇𝑇, and 𝑠𝑠𝑒𝑒𝑞𝑞𝐶𝐶 and an intercept term.  Here, 𝑚𝑚𝑖𝑖𝑛𝑛𝐿𝐿, 𝑚𝑚𝑒𝑒𝑑𝑑𝐿𝐿, and 𝑚𝑚𝑎𝑎𝑥𝑥𝐿𝐿 correspond 
to the minimum, median, and maximum of the three loop lengths, and 𝑠𝑠𝑒𝑒𝑞𝑞𝑇𝑇 and 𝑠𝑠𝑒𝑒𝑞𝑞𝐶𝐶 are 
indicator variables for 𝑁𝑁 = 𝑇𝑇 and 𝑁𝑁 = 𝐶𝐶, respectively.  Note that 𝑠𝑠𝑒𝑒𝑞𝑞𝐴𝐴 = 1 − 𝑠𝑠𝑒𝑒𝑞𝑞𝐶𝐶 − 𝑠𝑠𝑒𝑒𝑞𝑞𝑇𝑇 is 
omitted due to its linear dependence on 𝑠𝑠𝑒𝑒𝑞𝑞𝐶𝐶 and 𝑠𝑠𝑒𝑒𝑞𝑞𝑇𝑇.  We first trained on all 438 sequences’ 
NMM intensities to obtain interpretable coefficients and model prediction.  Subsequently, we 
performed six-fold cross-validation to demonstrate that our model is robust.  We randomly 
partitioned the population into 6 groups, each group containing 73 points.  Using one group as 
test data and the remaining five groups as training data, we computed the average coefficient of 
determination for both test and training data.  We adopted the following definition of the 
coefficient of determination: 𝑅𝑅2 = 1 − ∑ (𝑦𝑦𝑖𝑖−𝑦𝑦�𝑖𝑖)2𝑛𝑛𝑖𝑖=1
∑ (𝑦𝑦𝑖𝑖−𝑦𝑦�)2𝑛𝑛𝑖𝑖=1 , where 𝑦𝑦�𝑖𝑖 is the predicted value and 𝑦𝑦� =
1
𝑛𝑛
∑ 𝑦𝑦𝑖𝑖
𝑛𝑛
𝑖𝑖=1  is the mean of 𝑛𝑛 samples used for calculating 𝑅𝑅2. For example, 𝑛𝑛 = 365 for training 
data, and 𝑛𝑛 = 73 for test data.  Likewise, the residual for each sample i is defined as 𝑦𝑦𝑖𝑖 − 𝑦𝑦�𝑖𝑖, i.e., 
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the difference between observed and predicted value.  The linear regression method has many 
advantages such as its simplicity, interpretability of the coefficients, and wide usage.  However, 
it has the limitation of assuming linearity of the response in predictor variables. 
Gaussian process regression 
Gaussian Process Regression (GPR) is a flexible non-parametric regression method that does not 
assume linearity of the response in predictor variables [87].  Gaussian process 𝑓𝑓 is defined on a 
set 𝑋𝑋 by specifying that the values of 𝑓𝑓 on any finite number of points in 𝑋𝑋 form random 
variables following a joint Gaussian distribution, with mean 0 and fixed covariance 𝑘𝑘(𝑥𝑥, 𝑥𝑥′) at 
𝑥𝑥,𝑥𝑥′ ∈ 𝑋𝑋. Thus, we only need to define the covariance function 𝑘𝑘(𝑥𝑥, 𝑥𝑥′) in order to specify a 
Gaussian process; 𝑘𝑘(𝑥𝑥, 𝑥𝑥′) is a kernel that measures the similarity between inputs 𝑥𝑥 and 𝑥𝑥′.  The 
choice of covariance function plays an important role in model prediction, and a popular choice 
is the squared exponential function: 𝑘𝑘𝑆𝑆𝑆𝑆(𝑥𝑥, 𝑥𝑥′) =  𝜎𝜎𝑓𝑓2𝑒𝑒�−(𝑥𝑥−𝑥𝑥′)22ℓ2 � + 𝜎𝜎𝑛𝑛2𝛿𝛿(𝑥𝑥, 𝑥𝑥′), where the 
hyperparameters 𝜎𝜎𝑓𝑓2 and 𝜎𝜎𝑛𝑛2 are the variance of the process and experimental measurement, 
respectively, ℓ is the length scale of fluctuation, and 𝛿𝛿(𝑥𝑥, 𝑥𝑥′) is the Kronecker delta function.  
For 𝑛𝑛 training data points (𝑥𝑥𝑖𝑖 , 𝑦𝑦𝑖𝑖), 𝑖𝑖 = 1, … ,𝑛𝑛, we construct an 𝑛𝑛 by 𝑛𝑛 covariance matrix  
K = �𝑘𝑘(𝑥𝑥1, 𝑥𝑥1) ⋯ 𝑘𝑘(𝑥𝑥1, 𝑥𝑥𝑛𝑛)⋮ ⋱ ⋮
𝑘𝑘(𝑥𝑥𝑛𝑛, 𝑥𝑥1) ⋯ 𝑘𝑘(𝑥𝑥𝑛𝑛, 𝑥𝑥𝑛𝑛)�.  For a test data point 𝑥𝑥∗, we define 
𝐾𝐾∗ = [𝑘𝑘(𝑥𝑥∗, 𝑥𝑥1) 𝑘𝑘(𝑥𝑥∗, 𝑥𝑥2) …   𝑘𝑘(𝑥𝑥∗, 𝑥𝑥𝑛𝑛)] and 𝐾𝐾∗∗ = 𝑘𝑘(𝑥𝑥∗, 𝑥𝑥∗).  Then, the joint distribution of the 
observed output y and predicted output 𝑦𝑦∗ is assumed to be �
𝒚𝒚
𝑦𝑦∗
�~𝒩𝒩�0, �𝐾𝐾 𝐾𝐾∗𝑇𝑇
𝐾𝐾∗ 𝐾𝐾∗∗
��, and the 
predictive distribution is 𝑦𝑦∗|𝒚𝒚~𝒩𝒩(𝐾𝐾∗𝐾𝐾−1𝑦𝑦,𝐾𝐾∗∗ − 𝐾𝐾∗𝐾𝐾−1𝐾𝐾∗𝑇𝑇).  We subsequently obtain our 
prediction as the mean 𝑦𝑦∗� = 𝐾𝐾∗𝐾𝐾−1𝒚𝒚.  The above methods were all implemented using the 
GPML MATLAB package [88]. 
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Choice of covariance functions. A valid covariance function 𝑘𝑘(𝑥𝑥, 𝑥𝑥′) requires the 
function to be symmetric and positive semi-definite.  In addition, many of the widely used 
kernels are stationary, i.e., it is a function of only the distance 𝑟𝑟 = |𝑥𝑥 − 𝑥𝑥′|.   Two examples of 
stationary covariance functions are noiseless squared exponential 𝑘𝑘𝑆𝑆𝑆𝑆(𝑟𝑟) = 𝑒𝑒−𝑟𝑟22𝑙𝑙2 , with length-
scale parameter 𝑙𝑙, and Matérn class 𝑘𝑘𝑀𝑀𝑀𝑀𝑀𝑀,𝜈𝜈 (𝑟𝑟) = 21−𝜈𝜈Γ(𝜈𝜈) �√2𝜈𝜈𝑟𝑟𝑙𝑙 �𝜈𝜈 𝐾𝐾𝜈𝜈 �√2𝜈𝜈𝑟𝑟𝑙𝑙 �, with positive 
parameters 𝜈𝜈 and 𝑙𝑙, and a modified Bessel function of the second kind 𝐾𝐾𝜈𝜈.  For half-integer 𝜈𝜈, the 
Matérn function 𝐾𝐾𝜈𝜈 is a product of an exponentially decaying function and a polynomial, with 
𝜈𝜈 = 1
2
 giving the very rough Ornstein-Uhlenbeck process.  As 𝜈𝜈 ⟶ ∞, the Matérn function 
behaves similar to the squared exponential function, which is smooth.  We used different length 
parameters for each predictor variable, adding flexibility to input space 
Denoting our predictors (minL, medL, maxL, seqA, seqC, seqT) as (𝑥𝑥1, 𝑥𝑥2, 𝑥𝑥3, 𝑥𝑥4, 𝑥𝑥5, 
𝑥𝑥6), we defined our noiseless covariance function as 𝑘𝑘�(𝑥𝑥1, … , 𝑥𝑥6), (𝑥𝑥1′ , … , 𝑥𝑥6′ )� = 𝑥𝑥4 ∙ 𝑥𝑥4′ ∙ 𝜎𝜎𝑓𝑓,𝐴𝐴2 ∙
𝑘𝑘
𝑀𝑀𝑀𝑀𝑀𝑀,𝜈𝜈=5
2
�(𝑥𝑥1, 𝑥𝑥2, 𝑥𝑥3), (𝑥𝑥1′ , 𝑥𝑥2′ , 𝑥𝑥3′ )� + 𝑥𝑥5 ∙ 𝑥𝑥5′ ∙ 𝜎𝜎𝑓𝑓,𝐶𝐶2 ∙ 𝑘𝑘𝑆𝑆𝑆𝑆�(𝑥𝑥1, 𝑥𝑥2, 𝑥𝑥3), (𝑥𝑥1′ , 𝑥𝑥2′ , 𝑥𝑥3′ )� + 𝑥𝑥6 ∙ 𝑥𝑥6′ ∙ 𝜎𝜎𝑓𝑓,𝑇𝑇2 ∙
𝑘𝑘𝑀𝑀𝑀𝑀𝑀𝑀,𝜈𝜈=3
2
�(𝑥𝑥1, 𝑥𝑥2, 𝑥𝑥3), (𝑥𝑥1′ , 𝑥𝑥2′ , 𝑥𝑥3′ )�, where 𝑘𝑘𝑀𝑀𝑀𝑀𝑀𝑀,𝜈𝜈(∙) is the Matérn kernel with specific 𝜈𝜈, 𝑘𝑘𝑆𝑆𝑆𝑆(∙) is 
the squared exponential kernel, and 𝜎𝜎𝑓𝑓,𝐴𝐴2 , 𝜎𝜎𝑓𝑓,𝐶𝐶2 , 𝜎𝜎𝑓𝑓,𝑇𝑇2  each corresponds to variance of the process 
for seqA, seqC, and seqT, respectively.  This combination has been derived by testing squared 
exponential and Matérn class with 𝜈𝜈 = 1
2
, 3
2
, 5
2
 separately for 𝑠𝑠𝑒𝑒𝑞𝑞𝐴𝐴, 𝑠𝑠𝑒𝑒𝑞𝑞𝐶𝐶, and 𝑠𝑠𝑒𝑒𝑞𝑞𝑇𝑇, and choosing 
the best function for each nucleotide 
Estimation of hyperparameters. There are 4 hyperparameters, 𝜎𝜎𝑓𝑓,𝑁𝑁,𝑙𝑙1,𝑁𝑁, 𝑙𝑙2,𝑁𝑁, 𝑙𝑙3,𝑁𝑁 (the 
length scale for minL, medL, maxL, respectively) for each nucleotide N, summing to a total 
number of 12.  A common method to estimate a set of hyperparameters 𝜽𝜽 is by maximizing the 
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marginal log-likelihood log 𝑝𝑝(𝒚𝒚|𝑋𝑋,𝜽𝜽) = −1
2
𝒚𝒚𝑇𝑇𝐾𝐾𝑦𝑦
−1𝒚𝒚 −
1
2
𝑙𝑙𝑙𝑙𝑙𝑙�𝐾𝐾𝑦𝑦� −
𝑛𝑛
2
𝑙𝑙𝑙𝑙𝑙𝑙2𝜋𝜋, where 𝐾𝐾𝑦𝑦 = 𝐾𝐾 +
𝜎𝜎𝑛𝑛
2𝐼𝐼 and 𝑥𝑥 and 𝑦𝑦 are predictor and response variables for the training data.  We also adopted this 
method, but in two-steps.   First, for each individual nucleotide, we initialized each of 𝑙𝑙1,𝑁𝑁,𝑙𝑙2,𝑁𝑁, 
𝑙𝑙3,𝑁𝑁 and 𝜎𝜎𝑓𝑓,𝑁𝑁 to be 5, and obtained an estimate by a conjugate gradient method.   Note that there 
are three separate estimates for 𝜎𝜎𝑓𝑓,𝑁𝑁, obtained for each of 𝑙𝑙1,𝑁𝑁,𝑙𝑙2,𝑁𝑁, and 𝑙𝑙3,𝑁𝑁, and we let the final 
estimate be the average of the three.  We then initialized all 12 hyperparameters with the values 
obtained from the previous step and maximized the marginal log-likelihood over all lengths and 
nucleotides.  This approach allows for more flexibility in each length scale than treating each 
loop length with an equal weight.  Finally, we estimated 𝜎𝜎𝑛𝑛2 = 18 as the empirical covariance of 
our replicate experimental NMM intensity measurements. Supplementary Table S2 contains the 
estimated hyperparameters used for fitting the entire population, and the same estimation method 
was repeated for each cross validation set.   
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3.7 FIGURES  
Figure 3.1  An overview of G-quadruplex structure and the NMM technique. A) A schematic of a 
parallel GQ structure is depicted. The guanine-guanine Hoogsteen base pairing between each guanine 
triplet is shown for the sequence GGGNL1GGGNL2GGGNL3GGG, where N denotes the nucleotide 
component and L1, L2, L3 are the three loop lengths.  B) GQ folding propensity is investigated 
through an induced fluorescence based assay. The molecule NMM shows a specific increase in 
fluorescence signal    upon binding to a parallel GQ sequence.  C) A plate is filled with strong folding 
sequences in high intensity, combined folding and non-folding sequences in a lower intensity, and 
non-folding sequences in low intensity. 
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Figure 3.2  Pilot study of NMM fluorescence data points and relationship with smFRET scores.  A) 
The population of 246 sequences is separated into non&olding (blue) and folding (red) classes via the 
Gaussian mixture model.  B) The empirical cumulative distribution functions (CDF) are plotted for 
three nucleotides, A (red), C (green), and T (blue).   C) GQ folding percentage is verified through 
smFRET analysis for the loop lengths (1,4,4) and (2,2,2) in all three bases, where (L1,L2,L3) denotes 
the three loop lengths.  High FRET populations (>0.7) correspond to GQ folding, while low FRET 
populations (<0.3) represent non-folding sequences.  D) The graph shows the linear relationship 
between NMM intensity (x-axis) and GQ folding percentage (y-axis) for a wide range of 13 sequences 
that are composed of A (red), C (green), T (blue). Pearson coefficient of 0.98 indicates a strong 
correlation between the two measurements. 
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Figure 3.3  NMM and CV fluorescence assays on GQ formed on double strand DNA. (A) Schematic 
of NMM and CV binding to GQ on dsDNA. (B, C) Scanned emission spectrum of NMM (B) and CV 
(C) for the four DNAs. (D) All DNA sequences used for GQ formation in dsDNA. (E) Scatter plot of 
NMM versus CV fluorescence. 
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Figure 3.4  NMM and CV fluorescence assays on GQ formed on double strand DNA. (A) Schematic 
of NMM and CV binding to GQ on dsDNA. (B, C) Scanned emission spectrum of NMM (B) and CV 
(C) for the four DNAs. (D) All DNA sequences used for GQ formation in dsDNA. (E) Scatter plot of 
NMM versus CV fluorescence. 
 
 
Figure 3.5  NMM and CV fluorescence assays on GQ formed on double strand DNA. (A) Schematic 
of NMM and CV binding to GQ on dsDNA. (B, C) Scanned emission spectrum of NMM (B) and CV 
(C) for the four DNAs. (D) All DNA sequences used for GQ formation in dsDNA. (E) Scatter plot of 
NMM versus CV fluorescence. 
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CHAPTER 4: PROBABILISTIC MODELING OF G-QUADRUPLEX PULL-DOWN DATA 
REVEALS STABILITY-DRIVEN GENOMIC ENRICHMENT 
The work in this chapter is in preparation for publication. 
 
4.1 INTRODUCTION 
In order to study genome-wide GQ formation and potential function, it is necessary to design 
tools that filter candidate GQ sequences based on their folding propensity. Due to experimental 
complexities, few studies have investigated GQs formed in dsDNA although dsDNA is the 
native context for genomic DNA. Previous tools such as Quadparser and its variants locate 
sequences matching the GQ motif, but do not account for folding properties [15] . It is possible, 
however, to score sequences identified by Quadparser with heuristic approaches, e.g., sum of 
loop lengths. Other tools, such as G4P, G-score, and G4Hunter, assign scores with sets of rules 
based on observations from in vitro ssGQ studies, favoring short loops and longer G tracts 
[49,84,89]. The first instance of machine learning in GQ prediction was developed as a Gaussian 
process regression model trained on a set of almost 300 in vitro characterized ssGQs, and was 
used to infer GQ melting temperature and therefore GQ folding stability [85]. Additionally, a 
recent study reported a high-throughput GQ detection method based on an Illumina sequencing 
platform to identify folded ssGQs, which halt the DNA polymerization reaction [14] . Despite 
these advances, recent work has highlighted the critical need for a more reliable analytical GQ 
prediction approach that accurately reflects GQ formation pertinent to a biological context 
[86,89]. 
Here, we introduce a probabilistic model for predicting GQ formation, which is trained 
on a large set of recently published GQ ChIP data. These training sequences represent GQs 
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formed in human cells that were pulled down by a GQ-specific antibody (BG4) [7,56]. Our 
method learns to discern the ~1500s GQ located within the identified ChIP peaks from more than 
850,000 putative GQ sequences (i.e., sequences that satisfy the canonical GQ motif), making it 
the most exhaustive survey of human genomic GQs to date. The model assigns a score, 
Quadruplex Potential in Duplex (QPD), to each putative GQ sequence based on its similarity to 
the pull-down sequences. Therefore, QPD addresses GQ folding propensity in a genomic, double 
stranded DNA context, which behaves differently from ssGQs [50].We demonstrate that QPD 
scores predict the GQ folding propensity more accurately than those predicted by the total loop 
length [15] and G-score [49] alone. 
Due to the relatively few pull-down GQs sequences from the ChIP data, the limited 
genomic coverage does not permit a genome-wide study of GQ formation. By extrapolating 
patterns in the pull-down sequences, the QPD model enables the entire genome to be surveyed. 
We find that high-scoring GQ sequences are depleted near regulatory domains such as 
transcription start sites (TSS), NHS clusters, and transcription factor binding sites (TFBS), as 
compared to their low-scoring counterparts. These high scoring GQ sequences near TSSs are 
also highly conserved in 17 vertebrate species. We hypothesize that strongly folded GQs are 
evolutionarily disfavored in the majority of regulatory regions due to their capacity to interrupt 
genomic processes. In exceptional cases, strong GQs near regulatory regions may be 
evolutionarily conserved for tight control of gene regulation. 
 
4.2 PULLED-DOWN GQ SEQUENCE COMPOSITION IS DISTINCT FROM AVERAGE GQ 
SEQUENCES 
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 The development of a novel GQ-specific antibody enabled the first GQ pull-down from 
genomic DNA [7]. This study revealed 175 chromosomal position peaks with the GQ-
encompassing lengths ranging from approximately 0.5 kb to 8 kb within the reference genome 
hg18. We separated the reference genome into two categories: pulled-down (PD+) and not 
pulled-down (PD-), based upon the previous 175 peaks. Sequences that satisfy the expression 
G≥3N1-9G≥3N1-9G≥3N1-9G≥3, were considered potential GQ-forming sequences (henceforth 
referred to as ‘GQ sequences’), in accordance with recent experimental results demonstrating 
stable GQ formation with loop lengths up to 9 bases [20]. The PD+ set contained a total of 1,923 
GQ sequences, whereas PD- contained 855,614 (Fig. 4.1). GQ sequences that were identical to 
others within the same set (PD+ or PD-) were collapsed into single entries. In addition, PD- 
sequences that were identical to the PD+ were removed, as their ability to fold had already been 
accounted for. After repetitive sequences were removed, the sets PD+ and PD- contained 1,460 
and 629,741 unique sequences, respectively. 
Utilizing putative GQ sequence composition properties, we leveraged the loop lengths 
and base compositions of the PD+ and PD- GQ sequences as predictive parameters. The 
distributions of individual and total loop lengths for the two sets were similar to each other, with 
the exception of an anomalous overabundance of PD+ sequences with a total loop length of 9 
bases. To determine the source of this anomaly, we calculated the number of neighboring GQ 
sequences (within ± 250 bp) for each member of the PD+ and PD- sets, and observed that PD+ 
sequences possessed more long tandem series of potential GQs containing a total loop length of 
9. Overall, the PD+ sequences were surrounded by more GQ-forming sequences than the PD- 
sequences. Upon removal of these repetitive sequences, distributions of total loop length in PD- 
and PD+ became more similar. In contrast to the length distributions, nucleotide composition 
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differed dramatically between the two sets. PD+ sequences contained a larger fraction of thymine 
composition (45%) than PD- sequences (22%). PD- had more cytosine (22%) than the PD+ 
(6%). The difference in composition was minimally affected by the presence or absence of the 
repetitive sequences seen in PD+. 
 
4.3 QPD SCORE REFLECTS IN VIVO GQ FOLDING OUTCOMES BETTER THAN 
EXISTING METHODS 
Based on the length and composition features of the GQ data set analyzed in this study, 
we developed a probabilistic model that emphasized loop nucleotide composition. This approach 
contrasts other GQ prediction tools, which focus on loop length as the primary determinant of 
GQ folding [49,84,85]. 
𝑄𝑄𝑄𝑄𝑄𝑄 𝑠𝑠𝑠𝑠𝑙𝑙𝑟𝑟𝑒𝑒 =  log � � 𝜋𝜋𝑗𝑗𝑁𝑁𝑖𝑖,𝑗𝑗
𝑏𝑏𝑀𝑀𝑏𝑏𝑏𝑏𝑏𝑏 (𝑗𝑗)𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑏𝑏 (𝑖𝑖) =  � � 𝑁𝑁𝑖𝑖,𝑗𝑗 log𝜋𝜋𝑗𝑗𝑏𝑏𝑀𝑀𝑏𝑏𝑏𝑏𝑏𝑏 (𝑗𝑗)𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑏𝑏 (𝑖𝑖)  
The QPD score is the log of the likelihood of the GQ sequence under a simple multinomial 
model, where each nucleotide, j, is sampled with fixed probability πj that reflects GQ loop 
composition. While the model does not explicitly include a length parameter, longer loops are 
penalized as the addition of any base lowers the score. QPD scores are given in negative 
numbers, with scores closer to 0 representing a greater likelihood of folding.  
A nonlinear optimization tool was used to tune the πj parameters such that the average 
QPD scores of the PD+ and PD- sets were maximally separated, while penalizing for large 
variance within the scores of the individual sets (see Methods for more detail). The trained QPD 
score produced significantly different PD+ and PD- score distributions, as shown in Fig. 4.2A. 
The top 10% of all genomic sequences have scores greater than -5, and the bottom 10% are 
assigned values less than -200. Score distributions of the same data sets analyzed by existing 
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methods—including G-Score (Fig. 4.2B) and scoring by total loop length (heuristic) (Fig. 4.2C) 
are also shown. Receiver operating characteristic (ROC) curves provide a direct comparison 
between QPD score, G-Score, and the heuristic (Fig. 4.2D). The curves were generated using a 
set of 300 randomly selected putative GQ sequences that were excluded from model training. 
QPD score predictions exhibit a prediction accuracy measurement (area under curve) of 0.81, as 
compared to 0.69 and 0.46 from the G-Score and total loop length heuristic, respectively. 
 
4.4 EXPERIMENTAL VALIDATION OF QPD SCORE AS A MEASURE OF GQ FOLDING 
STATE 
Our previous work has shown that N-methyl mesoporphyrin IX (NMM), a chemical 
ligand for GQ DNA, can probe GQ formation within dsDNA. Briefly, NMM exhibits induced 
fluorescence upon binding a GQ DNA in a parallel conformation, allowing one to assess parallel 
GQ folding in any DNA sequence. The NMM method was validated through a comparison to the 
single-molecule FRET (smFRET) measurement that enables a direct estimation of GQ folding 
fraction from NMM measurements [20,50]. Plotting the NMM fluorescence against the fraction 
of folded GQs quantified by smFRET yielded a linear pattern, which reflects a high correlation 
between the two measurements (Fig. 4.3A). 
To compare this folding pattern to the QPD score, we organized the approximately 
850,000 putative genomic GQ sequences into deciles based on QPD score (i.e., decile 1 contains 
the highest scores in the 90-100th percentile and decile 10 contains the lowest scores in the 0-
10th percentile). To test if QPD scores reflect the likelihood of GQ folding in dsDNA, we 
selected ten random GQ sequences from each decile and measured their NMM fluorescence. We 
categorized molecules which displayed at least 25% folding corresponding to an NMM intensity 
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of 235 a.u. as folded, with the remaining molecules categorized as unfolded (Fig. 4.3B). An anti-
correlated relationship between GQ folding and decile is evident from figure 4.3B. This anti-
correlation indicates that the sequences in the top deciles are much more likely to form stable 
GQs, while sequences in lower deciles show reduced GQ folding potential. 
 
4.5 CHARACTERIZATION OF PUTATIVE GQ SEQUENCES NEAR REGULATORY 
REGIONS 
The high enrichment of putative GQ sequences near TSSs, first shown by Huppert and 
Balasubramanian, has led to an expectation that GQs play a role in transcriptional regulation. We 
calculated the distance between GQ sequence location and the nearest transcription start site 
(TSS) for all canonical genomic GQs (occurrences of the canonical GQ motif) using the 
expanded GQ motif definition of maximal loop length of 9 bases. Fold enrichment values for 
locations surrounding TSSs were calculated using a comparison set of non GQ-forming DNA 
sequences of similar length to the genomic GQ population (Fig. 4.4A). A two-sided binomial test 
for the 100 bases upstream of the TSS gives the region’s enrichment a p-value of 1e-320 (see 
Methods for more detail). This enrichment follows the G/C variability and bias demonstrated 
near TSSs [90].  Enrichment of GQs near TSSs for sequences with G/C base composition and 
length similar to that of the putative GQ sequences in the genome suggest only local minimal 
enrichment upstream and downstream of the TSS. There is marked depletion of putative GQ 
sequences directly downstream of the TSS.  
Unexpectedly, the putative GQ sequence enrichment partitioned by QPD score decile 
reveals an anti-correlated trend between frequency of GQs proximal to the TSS and GQ folding 
strength (Fig. 4.4 B&D). The trend of depletion of strongly folding GQs within lower deciles (1st 
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to 4th) indicates that the major source of GQs near TSSs are poor or non-folding-GQ sequences. 
This trend is not observed if GQ sequences are partitioned into deciles according to the heuristic 
model based on loop length. Furthermore, the enrichment pattern shows an asymmetry centered 
on the TSS, with the peak being more prominent immediately upstream of TSS compared to 
immediately downstream, for all decile positions (Fig. 4.4C). When analyzed separately, we 
observed that the regions both upstream and downstream of the TSS exhibit depletions of GQs 
for deciles 1 to 4 (Fig. 4.4C).  
 
4.6 EVOLUTIONARY AND FUNCTIONAL CHARACTERIZATION OF GQ STRUCTURES 
GQ sequences located within 1 kb of the TSS were tested for evolutionary conservation as 
described in the Methods section, with a threshold for conservation being a phastCons score 
greater than 200 (scores from 0 to 1000). We note that the high-scoring GQs (deciles 1-3) 
demonstrate a greater degree of conservation in position and sequence across 17 vertebrate 
species as compared to their low scoring putative GQ sequences (Fig. 4.5A). In addition, as we 
limited the distance to the TSS from 1000 to 25 bases, the difference in GQ conservation 
between the high and low scoring GQs increased. For example, the GQ sequences within 25 bp 
(black solid line, Fig. 4.5A) of a TSS at decile 2 exhibited a three-fold greater frequency of 
highly conserved GQ elements than did those within 1000 bp distance (green solid line, Fig. 
4.5A). Of specific interest within these conserved populations were the previously characterized 
GQs associated with SRC, AKT2, PBX1, and RAF genes.  
We performed Gene Ontology analysis to test if the limited population of GQ sequences 
of strong QPD scores located proximal to TSSs could be associated with particular classes of 
genes. Deciles 1-4 (high-scoring GQs) within 1 kb of the TSS did not demonstrate associations 
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for specific Gene Ontology (GO) category associations. Previous analysis has shown differing 
distributions of GQs between oncogenes and tumor suppressor genes [91]. Thus, we performed a 
QPD scoring analysis on these two contingents of important genes in order to identify potential 
GQ elements. To search for potential links to biologically important genomic regions, genes 
were separated into three defining categories: tumor suppressor, oncogenes, and unspecified, 
based on previous works [92-94]. The enrichment of GQ sequences near tumor suppressor and 
oncogenes (normalized to GQ frequency in unspecified genes) was examined (Fig. 4.5B). 
For GQs that are present within a 1000 bases downstream of the TSS (green highlight), 
we observed little difference between the frequency of tumor suppressor genes and oncogenes, 
regardless of the QPD score (Fig. 4.5). In contrast, we detected a clear demarcation between 
tumor suppressor and oncogene classes within 1000 bases upstream of the TSS (orange 
highlight). Strong GQ folding deciles (1-3) are found with a higher frequency within the 
oncogene population as compared to tumor suppressor genes. The marked increase in enrichment 
within the oncogene population is not seen when examining all GQ deciles together (1-10). This 
result implies that the strongest GQs are more likely to be associated with oncogenes rather than 
tumor suppressors at locations upstream of TSS. 
 
4.7 DISCUSSION 
Current GQ prediction tools are limited in the capacity of identifying GQ folding within a 
genomic context.  Here, we developed a probabilistic model of GQ formation based on an 
antibody mediated GQ pulldown experiment in order to better predict the likelihood of a 
sequence to fold within the context of dsDNA. To accomplish this, we trained a simple model on 
the genomic GQ pull-down data and demonstrated the model’s ability to better predict folding 
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GQs as compared to existing methods. QPD scoring allows for the classification based on ChIP 
data of GQ folding enrichment throughout the genome.  This scoring methodology is necessary 
due to the limited genomic coverage of the initial ChIP data. The newly developed QPD 
algorithm was experimentally validated through the use of the NMM based GQ folding assay. 
Current models of GQ folding largely rely on loop lengths as a predictor of folding 
likelihood. In this regard, our model is unique since its main emphasis is on the composition of 
the loops instead of length. This modeling choice reflects the features of the pull-down data sets, 
PD+ and PD-, where base composition differed to a greater degree than the loop length 
distributions. Limited base resolution of the pull down data resulted in regions of interest (ROI) 
up to several kb. Due to the large size of ROI, each pull-down region contained multiple putative 
GQs.  The model was constrained by the assumption that each of these putative GQs located 
within the large ROI contributed equally to being identified by the GQ specific antibody. Our 
experimental results, however, suggest that many of the pulled-down GQs were not stably 
folded.  Therefore, these sequences likely represent tag-along putative GQs proximal to a stably 
folding GQ. Additionally, the presence of so many additional tag-along GQs with the identical 
total loop length of 9 bases may explain why loop length does not stand out as a predictive 
measure for PD+. The differences in base composition between the PD+ and PD- sets could be 
influenced by the experimental procedure. For instance, the GQ antibody may have exhibited 
preference for loop sequence composition in favor of thymine content. Despite these potential 
sources of error, the agreement between the QPD score and experimental measurements 
indicates that our model improves prediction for GQ folding in dsDNA. 
To explore the usefulness of the QPD score, we revisited the well-known enrichment of 
putative GQs near TSSs. By binning GQ sequences based on their QPD scores, we showed that 
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the majority of putative GQ sequences near TSSs are poorly scoring, suggesting that most GQs 
near TSSs may be unable to play a meaningful role in transcriptional regulation unless they are 
captured and stabilized by GQ binding proteins. We suggest that decile 8-10 represent the 
background likelihood of finding a putative GQ sequence near the TSS site.  The putative GQ 
enrichment corresponds to base biases located near the TSS.  As such, the decreasing frequency 
of finding a GQ with decreasing decile represents a depletion of stably folding GQs near the 
TSS.  
Interestingly, the few high scoring GQs that do occur near TSSs could have regulatory 
importance, as they have high folding propensities and are well conserved across many species. 
We hypothesize that stably folded GQs are avoided at TSSs because they may impose strongly 
downregulating effects on the nearby gene expression. The exceptional cases of strong GQs may 
represent a juxtaposition with selective genes whose expression must be tightly regulated, which 
would account for their heightened evolutionary conservation. In this hypothetical model, GQs 
that do not stably form result in flexible and noisy gene activity whereas the strong GQs remain 
at an off-state unless a positive regulator unfolds the structure. High-scoring GQs were not found 
to form near genes with a common ontology, which may indicate that they serve as ad hoc 
regulatory elements.                                                                                   
A similar trend of higher enrichment for lower QPD score was observed near NHS 
clusters and TFBS. However, the asymmetry between upstream and downstream was unique 
amongst TSS regulatory regions. Of particular interest is the “shoulder” of the enrichment curve, 
downstream of the TSS (Fig. 4.3 A&B). GQs downstream of the TSS can be expected to 
participate in gene regulatory activities in two separate instances depending on strand location 
(Template or Non-template Strand).  First, a GQ on either strand could affect the process of 
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transcription.  This process is both conducive to GQ formation when the transcription bubble 
separates the two DNA strands and GQ regulation as the structure could alter normal 
transcription machinery activity [39]. Additionally, putative GQ sequences within the non-
template strand will result in a possible GQ being present within the RNA sequence created 
during transcription.  The stability and effects of the mRNA GQs are outside the scope of this 
paper, but their presence may contribute to the increased depletion of GQs downstream of the 
promoter in mid scoring population (decile 5-7) as compared to the upstream regions. 
Until now, it has only been possible to investigate hypotheses related to the overall 
distribution of potential GQs within genomic DNA. The QPD score allows quantitative 
comparison of potential GQs based on their folding propensity. This categorization of GQ 
folding leads to new questions about GQ distribution, evolution, and regulatory consequences, 
highlighting the need for further experimental characterization of GQs in their native biological 
environments. 
 
4.8 MATERIALS AND METHODS 
Gathering training and testing set sequences 
We separated GQ sequences into pulled-down (PD+) and not pulled-down (PD-) sets. The PD+ 
sequences were gleaned from the chromosomal locations of GQ pull-down peaks, mapped to the 
hg18 reference genome by Lam et al. 2013. We searched these regions for GQs using a regular 
expression similar to that of Quadparser: G3L1G3L2G3L3G3. We allowed loops (L) of 1 ≤ x, y, z ≤ 
9 bases long, which agreed with recent experimental results [20] . For sequences with G-tracts of 
unequal lengths, excess guanine bases were grouped with the shortest adjacent loop. For 
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example, the sequence [GGG T GGGG TT GGG T GGG] was grouped as [GGG TG GGG TT 
GGG T GGG] and was subsequently interpreted as having loops of TG, TT, and T.  
Each pull-down region contained multiple GQ sequences satisfying these match criteria, which 
were assigned to PD+. This process was repeated for the entire hg18 reference genome, 
excluding the pull-down regions. These sequences were assigned to PD-. Members of PD- that 
were identical to a sequence in PD+ were removed from PD-. Then, to ensure that training and 
testing would not be influenced by highly repetitive sequences, repeats of the same sequence 
were collapsed into a single instance in both PD- and PD+. This process resulted in mutually 
disjoint PD- and PD+, each containing unique sequences. Cross-validation was used during 
training and testing, according to which PD- and PD+ were randomly quartered, with 75% of 
sequences used for training and 25% used for testing. Training and testing were repeated for each 
possible grouping of three-and-one quarters.  
Training the QPD score parameters 
The parameters of the QPD score, πj, were chosen to maximize the difference in average scores 
between the PD+ and PD- sets. As the model is probabilistic, the π were constrained to sum to 
unity. Variation in scores amongst each set were penalized, to encourage distinct and tight score 
distributions over each set. These decisions are summarized in the following objective function, 
which was solved with an interior-point algorithm. 
𝑂𝑂𝑂𝑂𝑂𝑂𝑒𝑒𝑠𝑠𝑂𝑂𝑖𝑖𝑂𝑂𝑒𝑒(𝑷𝑷𝑷𝑷+,𝑷𝑷𝑷𝑷−,𝝅𝝅) =  𝑄𝑄𝑄𝑄𝑄𝑄(𝑷𝑷𝑷𝑷+,𝝅𝝅)������������������ − 𝑄𝑄𝑄𝑄𝑄𝑄(𝑷𝑷𝑷𝑷−,𝝅𝝅)������������������
�𝑉𝑉𝑎𝑎𝑟𝑟(𝑄𝑄𝑄𝑄𝑄𝑄(𝑷𝑷𝑷𝑷+,𝝅𝝅))#𝑷𝑷𝑷𝑷+ + 𝑉𝑉𝑎𝑎𝑟𝑟(𝑄𝑄𝑄𝑄𝑄𝑄(𝑷𝑷𝑷𝑷−,𝝅𝝅))#𝑷𝑷𝑷𝑷−  
To better ensure that the choice of π yielded a global maximum, the optimization was initialized 
at 1,000 random points across the parameter space; the optimal π was used for analysis. 
Comparing QPD score with total loop length and G-Score 
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Length scores for each sequence were assigned simply as the sum of the loop lengths. G-Scores 
were assigned to each sequence using the online QGRS Mapper tool. Search options were set as 
follows: Max length = 39, Min G-group = 3, Loop size = 1 to 9.  
Preparation of DNA and NMM fluorescence measurements 
G-quadruplex DNA sequences and their complements (Integrated DNA Technologies) were 
diluted in a standard G-quadruplex formation condition: 100 mM KCl, 20 mM Tris-HCl (pH 
7.5). Sequence-complement pairs were annealed 1:1.3, to minimize ssDNA G-quadruplex 
formation, in 40% (v/v) PEG 200 (Sigma Aldrich) to simulate molecular crowding. To anneal, 
samples were heated at 95˚C for 5 minutes and then cooled 2˚C per minute until equilibration 
with room temperature (24 ± 1˚C). 1 µM NMM (Frontier Scientific, Logan, Utah, USA) was 
reacted with dsDNA samples (400 nM) in buffers of 100 mM KCl, 20 mM Tris-HCl (pH 7.5). 
Final imaging conditions contained 4% PEG 200 (v/v). This ensured that PEG 200 presence 
would not significantly alter fluorescence measurements, as was confirmed through control 
measurements. Emission measurements were taken with a fluorescence spectrophotometer (Cary 
Eclipse, Varian) exciting NMM and CV at wavelengths of 393 nm and 540 nm, respectively. 
Calculating GQ enrichment and conservation  
The putative GQ sequences were tested against both DNA sequences selected randomly from the 
hg18 reference genome and sequences controlled to similar G/C content of the putative GQ 
sequences. The first control regions were sampled randomly from the hg18 reference genome 
using the BEDTools random function [95]. The additional control set was generated from 
randomly sampling the genomic sequences following the modified GQ search methodology: 
R≥3N1-9R ≥3N1-9R ≥3N1-9R≥3. The former G triplets (R) were allowed to be any combination of G 
and C (i.e. CCG, CGC, and GGC), and any sequence that matched the pattern of putative GQ 
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was removed from the second control population. In order to calculate a p-value for the 
enrichment shown in figure 4.4A, the cumulative number of putative GQs occurring in the 100 
bases upstream of the TSS was compared with the total number of GQs found within ±1 kb of 
the TSS. The comparison was done through a binomial test, where the probability of finding a 
GQ in one of the 20 100-bp regions was uniform.  
The test sequences were checked for overlap against the genomic coordinates for DHS clusters, 
TSS, and cross-vertebrate conserved regions. Like the original pull-down experiments, the NHS 
cluster experiments data was obtained from MCF7 cell lines [96]. TSS overlaps were calculated 
using the GREAT tool [97]. Cross-vertebrate conservation regions were taken from the 17-
vertebrate phastCons track available from the UCSC genome browser. To generate overlap and 
conservation percentages, GQ sequence coordinates were intersected with those from the 
regulatory regions of interest. 
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4.9 FIGURES 
  
Figure 4.1  Potentially folded GQ sequences are identified from a pull-down experiment. The hf2 
antibody is used to isolate fragmented DNA that contains one or more GQs, which are all assumed to 
be folded. GQs are identified in each piece of isolated DNA by a regular expression pattern search. 
The pattern search is repeated on the hg18 reference genome, and GQs with sequence identical to 
pulled-down regions are added to the positive class set (PD+). All other sequences are added to the 
negative class set (PD-). 
 
 
 
 
66 
 
 
  
  
Figure 4.2  QPD predicts GQ pull-down. (A-C) Score distributions for QPD, total loop length, and G-
Score, respectively. During training, pull down sequences form the positive class and the genomic 
sequences form the negative class. (D) ROC curve comparison for a test set of sequences, which are 
not included in training. 
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Figure 4.4  GQ sequences with low folding potential comprise the majority of GQ enrichment near 
transcription start sites (TSS). (A) GQs are enriched near TSS, compared to control sequences of 
identically distributed length. (B) GQ sequences with low decile scores have higher folding potential 
compared to high decile scoring sequences, which have low folding potential. (C) QPD score deciles 
decompose the enrichment curve of (A), revealing that GQ enrichment near TSS is overwhelming due 
to GQs with low folding potential. (D) Both upstream and downstream of the TSS, GQs with low 
decile scores are up to 10-fold underenriched, compared to GQs with high decile scores. (E, F) The 
differential enrichment of GQs with low folding potential over those with high folding potential is also 
observed near transcription factor binding sites and DNase hypersensitivity regions, respectively. 
                                                                                                                                                                                                
  
Figure 4.3  QPD score deciles correlate with estimated fraction folded in vitro. (A) NMM fluorescence 
intensity indicates the estimated in vitro fraction of GQs folded in double-stranded DNA. (B) GQs in 
lower score deciles are more likely to fold, compared to GQs in higher score decades. 
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Figure 4.5  QPD score decile is indicative of conservation and positioning near oncogenes. (A) GQs 
with low QPD score decile near TSS are highly conserved. Each line denotes the conserved fraction of 
GQs in each score decade, within 25 to 1000 bps of the TSS. (B) Highly-scoring GQs are more likely 
to be located upstream of oncogene TSS, compared with the TSS of tumor suppressors. Downstream 
of TSS, no significant GQ positioning preference is observed. 
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CHAPTER 5: CONCLUSION AND PERSPECTIVES 
The study of GQ formation and stability is well-established within DNA secondary structures 
field. Following the conformation that GQs occur natively within dsDNA regions of the genome, 
interest in classification of the more than 800,000 putative, genomic GQ sequences grew 
exponentially.  Until now, GQ structural analysis has strictly relied on an ssDNA context due to 
limitations of widely available investigational methodologies. Current insight on genomic GQ 
folding has been inferred from single stranded studies rather than a native genomic context.    
We set out to challenge the idea that GQ stability and structural properties are similar in 
differing DNA environmental contexts (ds vs. ssDNA).  Our hypothesis was that the presence of 
flanking dsDNA regions coupled with the presence of the complementary strand to the GQ 
would limit GQ folding within a dsDNA context as compared to ssDNA GQs. In order to 
investigate GQ formation within a genomic context, we developed a novel induced fluorescence-
based methodology to identify GQ formation within a duplex DNA framework.  Leveraging 
parallel and antiparallel GQ-specific binding ligands, we were able to translate induced 
fluorescence into a quantitative measurement of GQ folding within a given sample.  However, 
upon measurement of putative antiparallel GQs located within a duplex DNA construct, we 
observe no stable folding.  This suggests that stable, antiparallel GQ folding is restricted to 
ssDNA only.   
Employing the previously mentioned fluorescence-based assay, we developed a 
preliminary model for prediction of GQ formation based upon intervening loop length and 
composition.  We show that base composition with high thymine content promotes the most 
stable GQ formation, and that limited loop lengths (especially 1) promote strong GQ formation. 
The prediction of GQ formation within the genome was further developed utilizing a recently 
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published chromatin immunoprecipitation-DNA sequencing study.  GQ sequences within the 
experimentally limited pulled down genomic regions were modeled to develop a methodology to 
score every putative GQ sequence within the genome. Interestingly, analysis of putative GQ 
sequences surrounding TSS suggests a depletion of strongly folding GQ sequences within a 1000 
base pair window. Our findings underscore significant potential biological implications of GQs’ 
close proximity to TSSs.   
 
5.1 GQ PROPENSITY FOR FORMATION WITHIN DUPLEX DNA IS LESS VIGOROUS AS 
COMPARED TO FORMATION WITHIN SSDNA. 
Traditional GQ measurements have relied on low throughput, structural analyses.  Certain 
limitations of these methodologies have limited vigorous exploration of GQ folding propensity in 
a genomic context. Specifically in circular dichroism measurements, the presence of flanking 
duplex DNA segments accompanied by the complimentary DNA sequence to the GQ creates a 
very complex system in which the characteristic signals of GQ formation are lost within the 
noise of signal. Our development of a technique for identification of GQs utilizing induced 
fluorescence allows for a measurement of folding propensity in a genomic context. The 
methodology was normalized through both ssDNA GQ measurements and smFRET analysis, 
which allows for a quantitative approach for assessing GQ folding through the induced 
fluorescence methodology.  
 Unlike ssDNA GQs, antiparallel specific GQ fluorescent probes failed to show any GQ 
formation with a duplex context.  This finding is consistent with smFRET measurements, 
suggesting only a completely duplexed population within double stranded oligonucleotides 
containing putative antiparallel GQs. Surprisingly, putative GQ sequences that displayed parallel 
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folding within a ssDNA context identified with one of two separate classifications when 
embedded within a genomic DNA context. The strongest folding sequences demonstrated nearly 
100% GQ folding within the dsDNA oligonucleotide, while other parallel folding GQs had 
limited propensity with only 20 to 30% of the population containing a stably folded GQ.  Thus, 
we find that dsDNA GQ folding trends follow a similar pattern, but have a limited propensity of 
folding as compared to ssDNA GQs.  
 
5.2 GQ FOLDING WITHIN THE GENOMIC CONTEXT IS DRIVEN BY BOTH 
COMPOSITION AND INDIVIDUAL INTERVENING LOOP LENGTH 
Utilizing the ability of the previously mentioned induced fluorescent technique to be modified to 
work in a high-throughput fashion, we were able to sample over 400 separate putative GQs in 
order to establish specific characteristics of GQ-containing DNAs. This systemic survey was 
designed to equally sample putative GQs within entire putative folding space. The survey was 
designed with putative GQ sequences composed entirely of intervening loops of A, T, or C with 
a maximal total loop length of 12.  Folding trends were verified utilizing smFRET, which 
allowed for the establishment of GQ folding percentages.  
Furthermore, through analysis of the impact of loop lengths and compositions on the 
NMM intensity measurement, we identified GQ-driving loop parameters. We have identified two 
major driving factors in the formation of GQs within a duplex context.  The first is composition 
of the intervening loops, with the base T demonstrating the greatest stability. The second driving 
factor was individual loop length of the intervening g-triplet sequences. We utilized these 
complementary methods to categorize each sequence as one of “strongly folding,” “non-
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folding”, or “combined” classes.  This simple metric allows for a clear classification by which to 
compare folding propensities of specific putative GQ sequences.  
Many existing GQ folding prediction tools have modeled GQ formation based upon total 
loop length. These models would predict the folding propensity of sequences with loop 1, 2, and 
3 lengths of (1,4,4) and (3,3,3) the same. Our experimental work suggests that the folding 
propensities of these two samples are greatly different, which highlights the need to develop a 
methodology accounting for individual loop lengths. More specifically, we find that stable GQ 
folding is most dependent on the minimal intervening loop length.  These results were combined 
in a Gaussian process regression model that can predict GQ folding propensity with high 
accuracy. The high throughput experimental platform and computational models serve as a 
useful reference for investigating potential genomic GQs.  
 
5.3 ROBUST GQ FORMATION WITHIN dsDNA IS DEPLETED NEAR REGULATORY 
ELEMENTS AS COMPARED TO PUTATIVE GQ SEQUENCES. 
 Current GQ prediction tools are incapable of predicting folding within a genomic context.  We 
developed a probabilistic model of GQ formation utilizing folded GQs selected from an antibody 
mediated GQ pulldown experiment. QPD scoring is a classification of a sequence’s potential to 
form within a genomic setting based on ChIP data.  The scoring algorithm was validated through 
the use of an NMM-based GQ folding assay (Chapter 2). QPD scoring reflects the features of the 
pull-down data sets (PD+ and PD-), highlighting the difference between intervening loop 
compositions of the two populations. 
            QPD was utilized to rank all putative GQ sequences located in the genome.  We revisited 
the well-known enrichment of putative GQs near TSSs. Separating all GQ into QPD decile rank 
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suggested that a majority of putative GQ sequences near TSSs are poorly scoring, suggesting that 
most GQs near TSSs may be unable to play a meaningful role in transcriptional regulation.  The 
limited population located near the TSS suggests a depletion of folding GQs as compared to 
putative GQ sequences. We suggest that deciles 8-10 represent the background likelihood of 
finding a putative GQ sequence near the TSS.  As such, the decreasing frequency of finding GQs 
with decreasing decile represents a depletion of folding GQs near the TSS.  The few high-scoring 
GQs that do occur near TSSs could have regulatory importance, as they have high folding 
propensities and are well conserved across many species. We hypothesize that stably folded GQs 
are avoided at TSSs because they may impose down-regulating effects on the nearby gene 
expression. 
Until now, it has only been possible to investigate hypotheses related to the distribution 
of potential GQs within genomic DNA. The QPD score allows quantitative comparison of 
potential GQs based on their folding propensity. This categorization of GQ folding leads to new 
questions about GQ distribution, evolution, and regulatory consequences, highlighting the need 
for further experimental characterization of GQs in their native biological environments. 
 
5.4 FUTURE WORK AND APPLICATIONS 
The work presented here provides a new, quantitative means with which to analytically and 
specifically characterize the manifestation of GQs within a physiologically relevant context. The 
preliminary model for predicting GQ formation within genomic DNA suggests several 
interesting findings. Firstly, the general trend of increased stability associated with thymine 
provides insight into base composition effects within a putative GQ sequence. Second, minimal 
intervening loop lengths are correlated with strong potential for GQ formation in a genomic 
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DNA context. These findings provide a basis upon which to develop a model with increased 
accuracy of identifying genomic GQs. Specific properties to be further investigated 
experimentally included heterogeneous loop compositions and guanines located within the 
intervening loop.  Guanine loops prove to be an interesting addition to the model as there are two 
different ways upon which guanine may affect loop stability. In addition to the common result of 
increasing guanine resulting in instability of the potential dsDNA GQ, it is believed that 
guanines located directly next to G triplets may participate in a frameshift of the G triplet.   
Further progress in predicting GQ formation can be made in the development of a 
methodology to rapidly assess GQ folding induced through superhelicity as a result of enzymatic 
actions.  Utilizing a standard transcription expression system, the previously mentioned NMM 
method may be improved in order to include a more biologically relevant induction 
methodology.  This experimental methodology coupled with the development of an in vitro 
expression system may provide an effective platform for investigating the formation of dsDNA 
GQs within a cell-based experimental context.  
 
Inter Loop Guanines, Frame Shifts of Guanine Triplets, Mixed Loops, and Flanking DNA 
Sequences 
The experimental coverage of potential GQ folding sequences in this study was limited to 
intervening loops composed of all A, T, or C.  Further studies should establish the effect of 
mixed base loops on GQ folding.  Mixed base loops are expected to minimally effect potential 
folding within populations comprised of limited loop lengths, due to the similarity of NMM 
values with total loop lengths less than 6.  Due to wide differences between NMM scores within 
populations of a total loop length greater than 6, the presented model is currently unable to 
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accurately predict folding propensity of mixed loops. The unique properties of guanine limited 
this study to intervening loops devoid of this base.  Guanine bases located next to the G triplet of 
the potential GQ may participate in a frameshift of the guanines involved in Hoogsteen base 
pairing.  Due to the complex nature of multiple guanines being located proximal to a potential 
guanine triplet, the process of investigating guanine effects of dsDNA GQ formation must be 
completed through a systematic addition of guanines to the intervening loop sequences The 
experimental work establishing frameshift guanine stability should be completed in tandem with 
a structural conformation experimental methodology (i.e. smFRET) in order to establish 
prevailing structural GQ configuration.    
 
Development of a Methodology for Rapid Assessment of GQ Folding Induced By Enzymatic 
Actions within DNA Samples Demonstrating Superhelicity 
Superhelicity changes and partial melting of the dsDNA structure have been suggested as the 
driving factor behind GQ formation within the genome. Our proposed methodology relies on 
annealing two complimentary oligonucleotides in a molecularly viscous solution to induce GQ 
formation as compared to the torsional strain induction that is hypothesized to occur within the 
genome. The discrepancy between the two methodologies could be addressed through 
modification of the NMM methodology such that it involves an enzymatic GQ induction step. 
We have completed preliminary investigations to establish this system (Fig. 5.1a).  The system 
includes an approximately 400 base pair-long transcribed region.  We find that a flanking region 
of 125 bases upstream of the TSS contains a putative GQ sequence.  The GQ is approximately 50 
base pairs upstream of the TSS. Upon transcription initiation, GQ formation may be induced 
through structural changes to the template DNA sequence.  Preliminary results suggest that GQ 
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formation occurs only within molecularly crowded conditions and that formation upstream of the 
promoter is equally as likely to occur within template as on non-template GQs (Fig. 5.1b). 
 In Vitro Classification of GQ Folding 
Recent studies have shed light on the formation of GQs in transcriptional and translational 
regulation. G-rich sequences situated within the promoters of oncogenes form into GQs and 
control downstream gene expression. The GQ formation can even occur kilo-bases upstream of 
the TSS via propagation of mechanical torsion to modulate transcriptional activity remotely. 
Taken together, GQs formed at the level of DNA and RNA can contribute to regulation of 
transcription and translation in different ways.  
We utilized a reporter plasmid in E. coli as a simple cell system to express a GQ-
containing reporter and assessed the transcriptional and translational repression effect (Fig. 5.2a). 
Initial results of an engineered plasmid that contains either (1) no GQ, (2) a GQ on antisense 
strand (AS-GQ, GQ on template DNA), or (3) a GQ on sense strand (S-GQ, GQ can form in 
mRNA) at the vicinity of the transcription start site, suggest locational differences in GQ gene 
modulation. Quantification of the resulting fluorescence shows that the “no GQ” cells exhibited 
the highest expression of Venus, followed by the AS-GQ, and the lowest level of expression in 
S-GQ (Fig. 5.2b). This data suggests that the S-GQ, which produces GQ-forming mRNA, has a 
stronger effect in down-regulating the gene expression than the GQ-forming DNA (AS-GQ). 
Further investigation will address the hypothesis that GQ conformation and strength is correlated 
with the gene expression modulation.     
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Figure 5.1  Putative GQ sequences located upstream of a TSS may be induced through torsional strain 
as a result of transcription. A. The experimental setup contains a GQ located directly upstream of a 
TSS.  Upon transcription, torsional strain is capable of inducing GQ formation upstream of the TSS. 
The GQ is bound by NMM and produces an induced fluorescence signal. B. The putative GQs located 
within the template or non-template strand show equal likelihood of formation.   
5.5 FIGURES 
 
  
Figure 5.2  E.coli plasmid with putative GQ sequence near TSS of yellow fluorescent protein suggest 
GQ sequence effects the structures ability to modulate genetic expression. A. A map of the plasmid 
utilized in this study highlights the location of the putative GQ between the TSS and the ribosome 
binding site. B. GQ folding strength is correlated with gene modulation activity. Additionally, GQ 
located within the non-template strand suggests higher level of gene expression down regulation.   
 
 
78 
 
CHAPTER 6: REFERENCES 
 
1. Campbell NH, Parkinson GN, Reszka AP, Neidle S (2008) Structural basis of DNA 
quadruplex recognition by an acridine drug. Journal of the American Chemical Society 
130: 6722-6724. 
2. Moon J, Han JH, Jung M-j, Kim SK (2015) Effects of deficient of the Hoogsteen base-pairs on 
the G-quadruplex stabilization and binding mode of a cationic porphyrin. Biochemistry 
and Biophysics Reports 2: 29-35. 
3. Ambrus A, Chen D, Dai J, Bialis T, Jones RA, et al. (2006) Human telomeric sequence forms 
a hybrid-type intramolecular G-quadruplex structure with mixed parallel/antiparallel 
strands in potassium solution. Nucleic acids research 34: 2723-2735. 
4. Oganesian L, Bryan TM (2007) Physiological relevance of telomeric G‐quadruplex formation: 
a potential drug target. Bioessays 29: 155-165. 
5. Hänsel R, Löhr F, Foldynová-Trantírková S, Bamberg E, Trantírek L, et al. (2011) The 
parallel G-quadruplex structure of vertebrate telomeric repeat sequences is not the 
preferred folding topology under physiological conditions. Nucleic acids research: 
gkr174. 
6. Phan AT, Luu KN, Patel DJ (2006) Different loop arrangements of intramolecular human 
telomeric (3+ 1) G-quadruplexes in K+ solution. Nucleic acids research 34: 5715-5719. 
7. Lam EYN, Beraldi D, Tannahill D, Balasubramanian S (2013) G-quadruplex structures are 
stable and detectable in human genomic DNA. Nature communications 4: 1796. 
8. Duckett DR, Murchie AI, Diekmann S, von Kitzing E, Kemper B, et al. (1988) The structure 
of the Holliday junction, and its resolution. Cell 55: 79-89. 
9. Notomi T, Okayama H, Masubuchi H, Yonekawa T, Watanabe K, et al. (2000) Loop-mediated 
isothermal amplification of DNA. Nucleic acids research 28: e63-e63. 
10. McMurray CT (1999) DNA secondary structure: a common and causative factor for 
expansion in human disease. Proceedings of the National Academy of Sciences 96: 1823-
1825. 
11. Lipps HJ, Rhodes D (2009) G-quadruplex structures: in vivo evidence and function. Trends 
in cell biology 19: 414-422. 
12. Verma A, Halder K, Halder R, Yadav VK, Rawal P, et al. (2008) Genome-wide 
computational and expression analyses reveal G-quadruplex DNA motifs as conserved 
cis-regulatory elements in human and related species. Journal of medicinal chemistry 51: 
5641-5649. 
13. Hershman SG, Chen Q, Lee JY, Kozak ML, Yue P, et al. (2008) Genomic distribution and 
functional analyses of potential G-quadruplex-forming sequences in Saccharomyces 
cerevisiae. Nucleic acids research 36: 144-156. 
14. Chambers VS, Marsico G, Boutell JM, Di Antonio M, Smith GP, et al. (2015) High-
throughput sequencing of DNA G-quadruplex structures in the human genome. Nature 
biotechnology 33: 877-881. 
15. Huppert JL, Balasubramanian S (2005) Prevalence of quadruplexes in the human genome. 
Nucleic acids research 33: 2908-2916. 
16. Brooks TA, Hurley LH (2010) Targeting MYC expression through G-quadruplexes. Genes & 
cancer 1: 641-649. 
 
 
79 
 
17. Greider CW, Blackburn EH (1985) Identification of a specific telomere terminal transferase 
activity in Tetrahymena extracts. Cell 43: 405-413. 
18. Blackburn EH (1991) Structure and function of telomeres. Nature 350: 569-573. 
19. Bochman ML, Paeschke K, Zakian VA (2012) DNA secondary structures: stability and 
function of G-quadruplex structures. Nature Reviews Genetics 13: 770-780. 
20. Tippana R, Xiao W, Myong S (2014) G-quadruplex conformation and dynamics are 
determined by loop length and sequence. Nucleic acids research: gku464. 
21. Guédin A, Gros J, Alberti P, Mergny J-L (2010) How long is too long? Effects of loop size 
on G-quadruplex stability. Nucleic acids research 38: 7858-7868. 
22. Hazel P, Huppert J, Balasubramanian S, Neidle S (2004) Loop-length-dependent folding of 
G-quadruplexes. Journal of the American Chemical Society 126: 16405-16415. 
23. Lee J, Okumus B, Kim D, Ha T (2005) Extreme conformational diversity in human telomeric 
DNA. Proceedings of the National Academy of Sciences of the United States of America 
102: 18938-18943. 
24. Rachwal PA, Findlow IS, Werner JM, Brown T, Fox KR (2007) Intramolecular DNA 
quadruplexes with different arrangements of short and long loops. Nucleic acids research 
35: 4214-4222. 
25. Burge S, Parkinson GN, Hazel P, Todd AK, Neidle S (2006) Quadruplex DNA: sequence, 
topology and structure. Nucleic acids research 34: 5402-5415. 
26. Wong HM, Stegle O, Rodgers S, Huppert JL (2010) A toolbox for predicting g-quadruplex 
formation and stability. Journal of nucleic acids 2010. 
27. Zhang Z, Dai J, Veliath E, Jones RA, Yang D (2009) Structure of a two-G-tetrad 
intramolecular G-quadruplex formed by a variant human telomeric sequence in K+ 
solution: insights into the interconversion of human telomeric G-quadruplex structures. 
Nucleic acids research: gkp1029. 
28. Wang Q, Liu J-q, Chen Z, Zheng K-w, Chen C-y, et al. (2011) G-quadruplex formation at the 
3′ end of telomere DNA inhibits its extension by telomerase, polymerase and unwinding 
by helicase. Nucleic acids research: gkr164. 
29. Siddiqui-Jain A, Grand CL, Bearss DJ, Hurley LH (2002) Direct evidence for a G-
quadruplex in a promoter region and its targeting with a small molecule to repress c-Myc 
transcription. Proceedings of the National Academy of Sciences 99: 11593-11598. 
30. Qin Y, Rezler EM, Gokhale V, Sun D, Hurley LH (2007) Characterization of the G-
quadruplexes in the duplex nuclease hypersensitive element of the PDGF-A promoter and 
modulation of PDGF-A promoter activity by TMPyP4. Nucleic acids research 35: 7698-
7713. 
31. Drygin D, Siddiqui-Jain A, O'Brien S, Schwaebe M, Lin A, et al. (2009) Anticancer activity 
of CX-3543: a direct inhibitor of rRNA biogenesis. Cancer research 69: 7653-7661. 
32. Fernando H, Reszka AP, Huppert J, Ladame S, Rankin S, et al. (2006) A conserved 
quadruplex motif located in a transcription activation site of the human c-kit oncogene. 
Biochemistry 45: 7854-7860. 
33. van Kregten M, Tijsterman M (2014) The repair of G-quadruplex-induced DNA damage. 
Experimental cell research 329: 178-183. 
34. Capra JA, Paeschke K, Singh M, Zakian VA (2010) G-quadruplex DNA sequences are 
evolutionarily conserved and associated with distinct genomic features in Saccharomyces 
cerevisiae. PLoS Comput Biol 6: e1000861. 
 
 
80 
 
35. Frees S, Menendez C, Crum M, Bagga PS (2014) QGRS-Conserve: a computational method 
for discovering evolutionarily conserved G-quadruplex motifs. Human genomics 8: 1. 
36. Chaires JB (2010) Human telomeric G‐quadruplex: thermodynamic and kinetic studies of 
telomeric quadruplex stability. FEBS journal 277: 1098-1106. 
37. Tahara H, Shin-Ya K, Seimiya H, Yamada H, Tsuruo T, et al. (2006) G-Quadruplex 
stabilization by telomestatin induces TRF2 protein dissociation from telomeres and 
anaphase bridge formation accompanied by loss of the 3′ telomeric overhang in cancer 
cells. Oncogene 25: 1955-1966. 
38. Sun D, Hurley LH (2009) The importance of negative superhelicity in inducing the formation 
of G-quadruplex and i-motif structures in the c-Myc promoter: implications for drug 
targeting and control of gene expression. Journal of medicinal chemistry 52: 2863-2874. 
39. Zhang C, Liu H-h, Zheng K-w, Hao Y-h, Tan Z (2013) DNA G-quadruplex formation in 
response to remote downstream transcription activity: long-range sensing and signal 
transducing in DNA double helix. Nucleic acids research: gkt443. 
40. Broxson C, Beckett J, Tornaletti S (2011) Transcription arrest by a G quadruplex forming-
trinucleotide repeat sequence from the human c-myb gene. Biochemistry 50: 4162-4172. 
41. Mendoza O, Bourdoncle A, Boulé J-B, Brosh RM, Mergny J-L (2016) G-quadruplexes and 
helicases. Nucleic acids research 44: 1989-2006. 
42. Kypr J, Kejnovská I, Renčiuk D, Vorlíčková M (2009) Circular dichroism and 
conformational polymorphism of DNA. Nucleic acids research 37: 1713-1725. 
43. Randazzo A, Spada GP, da Silva MW (2012) Circular dichroism of quadruplex structures. 
Quadruplex nucleic acids: Springer. pp. 67-86. 
44. Karsisiotis AI, Hessari NMa, Novellino E, Spada GP, Randazzo A, et al. (2011) Topological 
Characterization of Nucleic Acid G‐Quadruplexes by UV Absorption and Circular 
Dichroism. Angewandte Chemie 123: 10833-10836. 
45. Adrian M, Heddi B, Phan AT (2012) NMR spectroscopy of G-quadruplexes. Methods 57: 
11-24. 
46. Campbell NH, Parkinson GN (2007) Crystallographic studies of quadruplex nucleic acids. 
Methods 43: 252-263. 
47. Chung WJ, Heddi B, Schmitt E, Lim KW, Mechulam Y, et al. (2015) Structure of a left-
handed DNA G-quadruplex. Proceedings of the National Academy of Sciences 112: 
2729-2733. 
48. Murat P, Balasubramanian S (2014) Existence and consequences of G-quadruplex structures 
in DNA. Current opinion in genetics & development 25: 22-29. 
49. Kikin O, D'Antonio L, Bagga PS (2006) QGRS Mapper: a web-based server for predicting 
G-quadruplexes in nucleotide sequences. Nucleic acids research 34: W676-W682. 
50. Kreig A, Calvert J, Sanoica J, Cullum E, Tipanna R, et al. (2015) G-quadruplex formation in 
double strand DNA probed by NMM and CV fluorescence. Nucleic acids research 43: 
7961-7970. 
51. Todd AK, Johnston M, Neidle S (2005) Highly prevalent putative quadruplex sequence 
motifs in human DNA. Nucleic acids research 33: 2901-2907. 
52. Hud NV, Smith FW, Anet FA, Feigon J (1996) The selectivity for K+ versus Na+ in DNA 
quadruplexes is dominated by relative free energies of hydration: a thermodynamic 
analysis by 1H NMR. Biochemistry 35: 15383-15390. 
 
 
81 
 
53. Schultze P, Hud NV, Smith FW, Feigon J (1999) The effect of sodium, potassium and 
ammonium ions on the conformation of the dimeric quadruplex formed by the Oxytricha 
nova telomere repeat oligonucleotide d (G4T4G4). Nucleic acids research 27: 3018-3028. 
54. Crnugelj M, Šket P, Plavec J (2003) Small change in a G-rich sequence, a dramatic change in 
topology: new dimeric G-quadruplex folding motif with unique loop orientations. Journal 
of the American Chemical Society 125: 7866-7871. 
55. Lee JY, Kim D (2009) Dramatic effect of single-base mutation on the conformational 
dynamics of human telomeric G-quadruplex. Nucleic acids research 37: 3625-3634. 
56. Biffi G, Tannahill D, McCafferty J, Balasubramanian S (2013) Quantitative visualization of 
DNA G-quadruplex structures in human cells. Nature chemistry 5: 182-186. 
57. Cogoi S, Xodo LE (2006) G-quadruplex formation within the promoter of the KRAS proto-
oncogene and its effect on transcription. Nucleic acids research 34: 2536-2549. 
58. Paeschke K, Bochman ML, Garcia PD, Cejka P, Friedman KL, et al. (2013) Pif1 family 
helicases suppress genome instability at G-quadruplex motifs. Nature 497: 458-462. 
59. Paeschke K, Capra JA, Zakian VA (2011) DNA replication through G-quadruplex motifs is 
promoted by the Saccharomyces cerevisiae Pif1 DNA helicase. Cell 145: 678-691. 
60. Besnard E, Babled A, Lapasset L, Milhavet O, Parrinello H, et al. (2012) Unraveling cell 
type–specific and reprogrammable human replication origin signatures associated with 
G-quadruplex consensus motifs. Nature structural & molecular biology 19: 837-844. 
61. Lim KW, Ng VCM, Martín-Pintado N, Heddi B, Phan AT (2013) Structure of the human 
telomere in Na+ solution: an antiparallel (2+ 2) G-quadruplex scaffold reveals additional 
diversity. Nucleic acids research 41: 10556-10562. 
62. Parkinson GN, Lee MP, Neidle S (2002) Crystal structure of parallel quadruplexes from 
human telomeric DNA. Nature 417: 876-880. 
63. Sen D, Gilbert W (1988) Formation of parallel four-stranded complexes by guanine-rich 
motifs in DNA and its implications for meiosis. 
64. DeJesus-Hernandez M, Mackenzie IR, Boeve BF, Boxer AL, Baker M, et al. (2011) 
Expanded GGGGCC hexanucleotide repeat in noncoding region of C9ORF72 causes 
chromosome 9p-linked FTD and ALS. Neuron 72: 245-256. 
65. Haeusler AR, Donnelly CJ, Periz G, Simko EA, Shaw PG, et al. (2014) C9orf72 nucleotide 
repeat structures initiate molecular cascades of disease. Nature 507: 195-200. 
66. Huppert JL, Balasubramanian S (2007) G-quadruplexes in promoters throughout the human 
genome. Nucleic acids research 35: 406-413. 
67. Agrawal P, Lin C, Mathad RI, Carver M, Yang D (2014) The major G-quadruplex formed in 
the human BCL-2 proximal promoter adopts a parallel structure with a 13-nt loop in K+ 
solution. Journal of the American Chemical Society 136: 1750-1753. 
68. Dai J, Chen D, Jones RA, Hurley LH, Yang D (2006) NMR solution structure of the major 
G-quadruplex structure formed in the human BCL2 promoter region. Nucleic acids 
research 34: 5133-5144. 
69. Hwang H, Kreig A, Calvert J, Lormand J, Kwon Y, et al. (2014) Telomeric overhang length 
determines structural dynamics and accessibility to telomerase and ALT-associated 
proteins. Structure 22: 842-853. 
70. Lim KW, Lacroix L, Yue DJE, Lim JKC, Lim JMW, et al. (2010) Coexistence of two 
distinct G-quadruplex conformations in the hTERT promoter. Journal of the American 
Chemical Society 132: 12331-12342. 
 
 
82 
 
71. Palumbo SL, Ebbinghaus SW, Hurley LH (2009) Formation of a unique end-to-end stacked 
pair of G-quadruplexes in the hTERT core promoter with implications for inhibition of 
telomerase by G-quadruplex-interactive ligands. Journal of the American Chemical 
Society 131: 10878-10891. 
72. Arthanari H, Basu S, Kawano TL, Bolton PH (1998) Fluorescent dyes specific for 
quadruplex DNA. Nucleic acids research 26: 3724-3728. 
73. Li F, Feng Y, Zhao C, Tang B (2011) Crystal violet as a G-quadruplex-selective probe for 
sensitive amperometric sensing of lead. Chemical Communications 47: 11909-11911. 
74. Li Y, Geyer R, Sen D (1996) Recognition of anionic porphyrins by DNA aptamers. 
Biochemistry 35: 6911-6922. 
75. Ren J, Chaires JB (1999) Sequence and structural selectivity of nucleic acid binding ligands. 
Biochemistry 38: 16067-16075. 
76. Kong D-M, Ma Y-E, Guo J-H, Yang W, Shen H-X (2009) Fluorescent sensor for monitoring 
structural changes of G-quadruplexes and detection of potassium ion. Analytical 
chemistry 81: 2678-2684. 
77. Nicoludis JM, Barrett SP, Mergny J-L, Yatsunyk LA (2012) Interaction of human telomeric 
DNA with N-methyl mesoporphyrin IX. Nucleic acids research 40: 5432-5447. 
78. Sabharwal NC, Savikhin V, Turek‐Herman JR, Nicoludis JM, Szalai VA, et al. (2014) N‐
methylmesoporphyrin IX fluorescence as a reporter of strand orientation in guanine 
quadruplexes. FEBS Journal 281: 1726-1737. 
79. Dai J, Carver M, Hurley LH, Yang D (2011) Solution structure of a 2: 1 quindoline–c-Myc 
G-quadruplex: insights into G-quadruplex-interactive small molecule drug design. 
Journal of the American Chemical Society 133: 17673-17680. 
80. Mathad RI, Hatzakis E, Dai J, Yang D (2011) c-Myc promoter G-quadruplex formed at the 
5′-end of NHE III1 element: insights into biological relevance and parallel-stranded G-
quadruplex stability. Nucleic acids research 39: 9023-9033. 
81. Phan AT, Modi YS, Patel DJ (2004) Propeller-type parallel-stranded G-quadruplexes in the 
human c-Myc promoter. Journal of the American Chemical Society 126: 8710-8716. 
82. Zheng K-w, Chen Z, Hao Y-h, Tan Z (2010) Molecular crowding creates an essential 
environment for the formation of stable G-quadruplexes in long double-stranded DNA. 
Nucleic acids research 38: 327-338. 
83. Roy R, Hohng S, Ha T (2008) A practical guide to single-molecule FRET. Nature methods 5: 
507-516. 
84. Eddy J, Maizels N (2006) Gene function correlates with potential for G4 DNA formation in 
the human genome. Nucleic acids research 34: 3887-3896. 
85. Stegle O, Payet L, Mergny J-L, MacKay DJ, Huppert JL (2009) Predicting and 
understanding the stability of G-quadruplexes. Bioinformatics 25: i374-i1382. 
86. Piazza A, Adrian M, Samazan F, Heddi B, Hamon F, et al. (2015) Short loop length and high 
thermal stability determine genomic instability induced by G‐quadruplex‐forming 
minisatellites. The EMBO journal: e201490702. 
87. Rasmussen CE (2006) Gaussian processes for machine learning. 
88. Rasmussen CE, Nickisch H (2010) Gaussian processes for machine learning (GPML) 
toolbox. The Journal of Machine Learning Research 11: 3011-3015. 
89. Bedrat A, Lacroix L, Mergny J-L (2016) Re-evaluation of G-quadruplex propensity with 
G4Hunter. Nucleic Acids Research: gkw006. 
 
 
83 
 
90. Fujimori S, Washio T, Tomita M (2005) GC-compositional strand bias around transcription 
start sites in plants and fungi. BMC genomics 6: 1. 
91. Balasubramanian S, Hurley LH, Neidle S (2011) Targeting G-quadruplexes in gene 
promoters: a novel anticancer strategy? Nature reviews Drug discovery 10: 261-275. 
92. Futreal PA, Coin L, Marshall M, Down T, Hubbard T, et al. (2004) A census of human 
cancer genes. Nature Reviews Cancer 4: 177-183. 
93. Huret J-L, Le Minor S, Dorkeld F, Dessen P, Bernheim A (2000) Atlas of genetics and 
cytogenetics in oncology and haematology, an interactive database. Nucleic acids 
research 28: 349-351. 
94. Zhao M, Sun J, Zhao Z (2013) TSGene: a web resource for tumor suppressor genes. Nucleic 
acids research 41: D970-D976. 
95. Quinlan AR, Hall IM (2010) BEDTools: a flexible suite of utilities for comparing genomic 
features. Bioinformatics 26: 841-842. 
96. Sabo PJ, Hawrylycz M, Wallace JC, Humbert R, Yu M, et al. (2004) Discovery of functional 
noncoding elements by digital analysis of chromatin structure. Proceedings of the 
National Academy of Sciences of the United States of America 101: 16837-16842. 
97. McLean CY, Bristor D, Hiller M, Clarke SL, Schaar BT, et al. (2010) GREAT improves 
functional interpretation of cis-regulatory regions. Nature biotechnology 28: 495-501. 
 
 
 
 
 
 
 
 
 
 
  
